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ABSTRACT 
Five crystal structures of which two involved Schiff-
base derivatives and three involved "picket fence" porphyrin 
derivatives were determined. 
1. ~,a'-{2-(2'-pyridyl)ethyl}ethylenebis(salicylideniminato)-
iron(II)>Fe(salen-c2~4-~. Crystal and refinement data:-
o 
monoclinic,P2 1/c,a = 10.572(2), b = 11.465(2), c = 16.640(3) A, 
S = 90.52(1) 0 ; R = 0.056 for 1118 reflections having I>3ai; Z = 4. 
This high-spin complex has distorted trigonal-bipyramidal 
with the following bond distances:- r(Fe-N 1 ) . sa en average 0 0 0 
geometry 
2.093(7) A, r(Fe-0 l ) 1.959(6) A, r(Fe-N ) 2.147(8) A. sa en average py 
Its stereochemistry is generally similar to the cobalt analogue, 
which forms an isolable dioxygen adduct. 
2. The dioxygen adduct of Co(salen-C 2Ij4 -P.Y) ~ 
-· [co (sal en- c 2!:!4 -py) (0 2)] · CH 3CN. 
Crystal and refinement data:- monoclinic, P2 1/c, a= 9.562(2), 
0 
b = 19.490(4), c = 12.770(3) A, S = 106.01(2) 0 ; Z = 4; 
R = 0.128 for 915 reflections having I>cri. This low-spin 
(S=!,z) complex has approximately octahedral symmetry with bond 
0 
distances:- r(Co-N 1 ) sa en average 0 -
1.88(2) A, r(Co-0 1 ) sa en average 
0 
1.89(2) A, r(Co-N ) 2.03(2) Rand 
. py 
Dioxygen is angularly coordinated 
. /0 
·~co-O . 
r(Co-00 ) 1.84(3)A. 2 
and the salen component is approximately planar. The results, 
I I I - . 
and others, are interpreted in favour of a Co -0 2 spec1es. 
This complei is a model for cobalt-substituted haemoglobin. 
11. 
3. The dioxygen adduct of (1-methylimidazole)meso-tetra-
(a,a,a,a-orthopivalamidephenylporphinatoiron(II), [Fe(TpivPP)-
Crystal and refinement 
data:- monoclinic C2/c, a= 18.690(3), b = 19.514(3), 
0 
c = 18.638(3) A, S = 91.00(1) 0 ; Z = 4; R = 0.109 for 1784 
reflections having I>oi. This essentially diamagnetic complex 
is approximately octahedral with bond distances:- r(Fe-N h) 
0 . 0 0 porp av. 
1.98(1) A, r(Fe-Nimid) 2.07(2) A and r(Fe-00 ) 1.75(2) A. 2 
Dioxygen is angularly coordinated 
/0 
Fe-0 
and there is an apparent trans effect in the axial connection. 
The validity of this complex as a model for the haem component 
of oxymyoglobin is assessed. 
4. II · The dioxygen adduct of [Fe (TpivPP) (THT)] ·(THT) 2 , 
(Fe (Tpi vPP) (THT) (0 2)] · (THT) z. Crystal and refinement data:-
0 
monoclinic P2 1/c, a= 16.951(3), b = 18.153(4), c = 25.470(4) A, 
S = 107.14(8) 0 ; Z = 4; R = 0.166 for 1521 reflections having 
I>o 1 . This complex is approximately octahedral,and the 0 0 
average r(Fe-Nporph) is 2.00 A and r(Fe-S) is 2.49(2) A. 
Dioxygen is angularly coordinated 
Fe-0 
/0 
but definition is very poor. This complex is a possible model 
for the· oxygenated intermediate in the catalytic cycle of 
cytochrome P450 camphor hydroxylase. 
5. satena-ht- [(TpivPP) -N,N' ,N" ,N" I :OJ -aquoiron(II) ·THT ' 
~olymeric-[Fe(TpivPP) (OH 2 ~·THT. Crystal and refinement data:-
orthorhombic, P2 1z1z1 , a= 15.448(4), b = 26.415(6), c = 14.960(4) 
0 
A; Z = 4; R = 0.116 for 2576 reflections having I>ai. 
12. 
In this high-spin complex a pivalamide oxygen atom of one 
"picket" is coordinated to the iron atom of another Fe(TpivPP) 
0 
unit at a separation of 2.22(1) A, thereby creating an infinite 
chain. A water molecule is semicoordinated to the iron atom 
on the hindered side of .the porphyrin at a separation of 
0 0 
2.90(2) A. The iron atom is displaced 0.28 A from the least-
squares plane of the porphinato nitrogen atoms towards the 
coordinated pivalamide oxygen atom. The average Fe-N h porp 
0 
separation is 2.07(1) A. The complex has stereochemical 
features in common with other high-spin metalloporphyrins. 
dien 
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meso-tetra(a,a,a,a-orthopivalamidephenjl)-
porphinato. 
p o 1 ym eric - [Fe .: catena - { ll - [me so - tetra (a , a , a , a -or tho p iva 1 -
(TpivPP) (OH 2)] ·THT, amidephenyl)porphinato-N,N' ,N",N"' :0]_-aquo-
or polymeric-Fe- iron(II)·THT}. 
(TpivPP) 
OEP 
PP-IX 
Proto-IX-DME 
Meso-IX-DME 
DMGH 
1,2,3,4,5,6,7,8-octaethylporphinato 
(Hoard's nomenclature 191). 
protoporphinato-IX-carboxylate anion. 
protoporphinato-IX dimethyl ester. 
mesoporphinato-IX dimethyl ester. 
bis(dimethylglyoximato). 
Axial Bases 
B 
py 
3-Me-py 
4-NH 2 -py 
4-CN-py 
3,5-lut 
imid 
1-Me-imid 
2-Me- imid 
1,2-Me 2-imid 
1-Bz-imid 
pip 
THT 
sc 6H4-p-N0 2 
SC 6H4No 2 
Amino Acids 
Gly 
His 
Tyr 
Val · 
Glu 
) 
) 
) 
Miscellaneous 
X 
OMe 
Hb 
Mb 
general axial base. 
pyridine. 
3-methylpyridine. 
4-aminopyridine. 
4-cyanopyridine. 
3,5-dimethylpyridine (3,5-lutidine). 
imidazole. 
1-methylimidazole. 
i-methylimidazole. 
1,2-dimethylimidazole. 
1-benzylimidazole. 
piperidine. 
tetrahydrothiophene. 
para-nitrobenzenethiolate 
glycine. 
histidine. 
tyrosine. 
valine. 
glutamine. 
general anion e.g. Cl-, N;, OH-, SCN . 
inethoxide anion. 
haemoglobin. 
myoglobin. 
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Co-Hb 
P450 
Ph 
Et 
Me 
M-0 2 , M-0 2-:M 
cobalt-substituted haemoglobin. 
cytochrome P450 camphor hydroxylase. 
phenyl. 
ethyl. 
methyl. 
16. 
general metal-dioxygen complex - nothing 
is implied about nature of metal-dioxygen 
linkage. 
17. 
CHAPTER 1 
INTRODtTCTI ON 
Organisms that respire aerobically invariably require 
at least some metal-containing proteins for the transport, 
storage and utilisation of molecular oxygen (dioxygen) 1' 2 . 
Iron or copper ions or a macrocyclic porphyrin complex 
of the former element comprise the prosthetic group or non-
protein component of the metalloprotein<. The active site 
for dioxygen is presumed to be the metal centre since removal 
of the prosthetic group to give the apoprotein invariably 
destroys the activity of the protein towards dioxygen. 
Detailed knowledge of the structure and function of these 
proteins at the atomic level is frequently frustrated by 
various factors, most notably protein size which rarely drops 
below a molecular weight of 20,000. Thus acquisition of 
precise structural details for the coordination environment 
around the metal centre by high-resolution X-ray crystallo-
graphic techniques is not, at present, practicable. In 
addition it may be difficult to freeze out the stages of a 
catalytic cycle of which coordination of dioxygen is but 
on·e step. 
Therefore, studies of simpler,protein-free, transition-
metal complexes which are possible models for the metallo-
protein's active site may help elucidate the structure of 
the active site and, perhaps also, aspects of the function of 
the protein itself. Such elucidation has been aided by 
major advances in the interpretation of results obtained by 
recently developed or improved techniques, such as resonance 
Raman spectroscopy3 , extended X-ray absorption fine struct.-
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ure (EXAFS) 4 - 7 and magnetic circular dichroism8 . 
These have enabled a wide variety of spectral and magnetic 
features of the metal centre and its immediate coordin-
ation environment in the metalloprotein to be selectively 
probed and compared with data similarly obtained from purely 
inorganic model systems. In particular, advances in X-ray 
crystallographic techniques, consequent upon increasing 
computer sophistication, have greatly facilitated the precise 
stereochemical characterisation of compounds which model the 
metalloprotein's active site. Studies on metalloproteins 
and on their models are coupled in a synergistic manner. 
This is the general background against which the 
studies embodied in this thesis are set. Attention is 
concentrated on the structures of several model compounds 
for the oxygen-binding component of one class of proteins, 
the haemoproteins, of which haemoglobin and myoglobin are 
both the best known and most widely studied examples. The 
single crystal X-ray diffraction structure analyses reported 
here are an essential part of a large collaborative effort, 
headed by Professor James P. Collman, which is probing the 
structure and function of oxygen-binding haemoproteins using 
an,elegant model system. Other groups are also actively 
involved in this area. The relationships, both inorganic 
and biological, of the structural analyses reported herein 
to the studies (not necessarily just structural) of other 
workers are emphasised; to place the work of this thesis 1n 
perspective is felt to be of paramount importance. 
The rest of this Chapter is devoted to outlining the 
structure of the thesis and, since some of the work is of 
an inherited nature, the contributions of the author are 
delineated here so that continuity is preserved in the 
appropriate chapter. 
1.1 General Review of Dioxygen, its Anions, and its 
Coordination to Metals 1n Inorganic and Biological 
Systems Chapter 2. 
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In analysing the geometry and properties of dioxygen 
coordinated to metals, the free oxygen molecule 0 2 , its 
excited states, and its anions superoxide o; and peroxide 
2 .. o2 provide useful yardsticks against which various types 
of metal-dioxygen complexes may be classified and compared. 
These species are discussed 1n §2.1. 
Dioxygen may coordinate to metals in two basic 
geometries- end-on M-~ and side-on M~b· The metal-
dioxygen complex may be mononuclear M-0 2 or dinuclear M-0 2-M. 
The 0-0 separation r(0-0) and the wavenumber of 0-0 stretch-
ing mode v(0-0) of the anions superoxide and peroxide may be 
used to neatly divide metal-dioxygen complexes into two 
classes according to the apparent nature of the coordinated 
dioxygen ligand. Purely inorganic metal-dioxygen complexes 
are classified and reviewed in §2.2. 
Finally, oxygen-binding proteins are examined briefly 
in §2.3. The inorganic model complexes reviewed and invest-
igated here have facilitated clarification of probable geo-
metries for the metal-dioxygen linkages in these various 
types of oxyg~n-binding proteins. 
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1.2 Structures Studied Chapters 3 and 4 
The compounds whose structures were determined by 
single-crystal X-ray diffraction techniques will be classi-
fied and discussed according to their quadridentate macro-
cyclic ligand system. The reason for dividing the compounds 
in this way, and not according to the presence or absence of 
the dioxygen ligand, is to facilitate comparison with their 
purely inorganic relatives so as to leave some of the biological 
implications common to complexes of both ligands to a subse-
quent chapter (Chapter 5). Implications of the structural 
results on bonding theories of metal-dioxygen complexes are 
also left to a later chapter (Chapter 6) . 
The two.ligand systems employed were the Schiff base 
derivative a,a'-{2-(2'-pyridyl)ethyl}ethylene -bis(salicyli-
denimine) H2salen-C 2H4 -py (Figure l.l(a)) and the porphyrin 
derivative meso-tetra(a,a,a,a-orthopivalamidephenyl)-
·porphyrin H2TpivPP (Figure l.l(b)), commonly referred to as 
the "picket fence'i porphyrin since the pivalamidephenyl groups 
or "pickets" are all oriented on one side of the porphyrin 7-(o . plane. 
~ 
(b) TpivPP. 
Figure 1:1 Ligand systems used (deprotonated ligating form). 
A general and lamentable feature of the compounds 
studied was their inherently poor crystallinity. 
Consequently the diffraction data obtained were generally 
limited in extent and quality, and the resultant structure 
analyses suffer an unfortunate lack of precision. 
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Appendix 1 outlines general methods of data collection, 
structure solution and also the computer programs used in 
these analyses. The contributions of the author to the 
collection of data and crystal structure solution are 
indicated. 
1.2.1, Schiff-Base Complexes 
The two crystal structures determined are described 
in Chapter 3. The first compound, five-coordinate 
Fe 11 (salen-C 2H4-py), used diffraction data of medium-good 
quality and extent collected by Dr. Ward T. Robinson from a 
crystal prepared at Stanford University, California, U.S.A. 
It was solved mainly to gain experience in the use of the 
Univ~rsity of Canterbury's suite of crystallographic programs. 
However, its dioxygen adduct is not readily isolated but its 
isostructural cobalt analogue does coordinate dioxygen to 
give a relatively stable adduct. The structural studies 
described in this thesis indicate that the stereochemistry 
of the non-isolated iron-dioxygen adduct should be generally 
similar to that observed for its cobalt-dioxygen analogue. 
Geometrical changes which accompany. oxygenation are relevant 
to oxygen-binding haemoproteins. 
The second complex, the cobalt-dioxygen adduct 
[Co(salen-C 2H4-py)0 2)].CH3CN alluded to in the preceding 
paragraph, was inherited in a state of partial solution. 
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The dioxygen and solvate moieties were poorly defined. 
A larger crystal was prepared here from the five-coordinate 
precursor Co(salen~c 2H4 -py) synthesised at Stanford University, 
and a larger data set collected. Final structure solution 
and refinement proceeded from the coordinates of the 
Co(salen-C 2H4-py) fragment of the partial solution. This 
structure has already been mentioned in the literature 9 ,l 0 , 300 . 
1.2.2 "Picket Fence" Porphyrin Complexes 
Three compounds were studied - two dioxygen complexes 
and one curious polymeric species. These are described in 
Chapter 4. The crystals were all prepared by Professor 
James P. Collman's research group at Stanford University. 
The bulky, flexible nature of the substituted porphyrin and 
other factors ensured that isolation of crystalline adducts 
was fraught with difficulties. 
The original iron-dioxygen complex 
[Fe(TpivPP)(l~Me-imid) (0 2)] ·~(C 6H 6 ) ·~(C 4N 2H 6 ) 
was inherited in a state of partial solution from Drs Ward 
T. Robinson and G. A. Rodley11 , 12 .Space group ambiguity, 
disorder of atoms of the "picket fence" and dioxygen components, 
and an ill-defined solvate species afflicted the structure of 
this highly significant model compound. The problems were 
characterised and refinement of structural parameters was 
eventually taken to a satisfactory cbnclusion. · This compound 
is a model for the oxygen-binding haemoproteins of the 
haemoglobin type. 
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A second iron-dioxygen complex with a sulphur-axial 
ligand [Fe(TpivPP) (THT) (0 2)] ·(THT) 2 (THT = tetrahydrothio-
phene) was studied. The best data obtainable was appallingly 
limited in quality and extent. As a result, definition of 
many parts of the structure is poor and in the initial stages 
sensible refinement of structural parameters proved difficult. 
This compound is a possible model for one stage in the cata-
lytic cycle of the dioxygen-utilising haemoprotein: . 
cytochrome P450. 
Repeated attempts, at Stanford University, to prepare 
better quality crystals of the above compound only led to a 
curious polymer, 
catena.:.{J.l- [TpivPP-N,N1,N 1 1 ,N 1 1 ':OJ -aquoiron(II) ·THT}. 
A data set of fair quality was obtained. Axial ligation of 
a )=o species, semi-coordination of water and distinctive 
crystal packing of the monomeric Fe(TpivPP) units are novel 
features of the crystal structure. Biological implications 
can be extracted from this structure. Because of its novel 
features the diffraction data were used to the fullest extent 
to obtain structural parameters of the highest precision and 
accuracy possible. Lengthy and expensive computing was 
required to achieve this. 
1.3 Implications of the Results on Theories of Protein 
Function and Dioxygen Bonding : Chapters 5 and 6. 
In Chapter 5 ~he results of crystal structure deter-
minations, parti~ularly that of [Fe(TpivPP)(l-Me-imid) (0 2)], 
are discussed with reference to models for the cooperative 
binding of dioxygen to haemoglobin. Cooperativity is the 
phenomenon wher~by the binding of a molecule of substrate 
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(such as dioxygen) to a molecule with several binding sites 
(such as haemoglobin) increases the affinity of the protein 
for binding the next.molecule of substrate- that is until 
all the binding sites are occupied. 
The general features of various quantum-mechanical 
or pseudo-quantum-mechanical bonding schemes for oxygen-
binding haemoproteins and their models are briefly reviewed 
in Chapter 6. Unfortunately, it would appear from the 
diversity of these schemes that most of·these studies merely 
·reinforce the prejudices of the proposer regarding the nature 
of the ~etal~dioxygen component. Structural features of 
both cobalt-and iron-dioxygen complexes that impinge on 
bonding theories are also discussed in an entirely qualitative 
manner in Chapter 6. 
CHAPTER 2 
GENERAL REVIEW : DIOXYGEN, ITS ANIONS 
AND ITS COORDINATION TO METALS 
Dioxygen coordinates to a large number of metals in 
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varying oxidation states. Two basic geometries for the 
metal-dioxygen linkage are observed - end-on bent M~ 
side-on ~ - and complexes may be mononuclear M-0 2 or 
and 
dinuclear M-o 2-M with respect to the metal atom. Despite 
this variety in form and geometr~ a general feature accompany-
ing the coordination of dioxygen to metals is the apparent 
oxidation of the metal ion and the concomitant reduction of 
the dioxygen ligand; to quote L. Vaska, "oxygenation = oxid-
ation, even if it is reversible"13 . In fact a remarkably 
sharp dividing line exists between complexes where dioxyg~n 
is formally reduced by one electron and those where it is 
formally reduced by two electrons. Results of structural, 
magnetic, spectroscopic (infrared to y-ray Mossbauer) and 
oxidation-reduction studies have been used to support the 
formulation ,of dioxygen-metal complexes, M-o 2 or M-o 2-M, as 
essentially oxidised metal-coor~inated superoxide or peroxide 
species 
X = 0,1,2. 
or 
Dissenting opinions which have from time to time 
existed12 ,l 4 - 16 , have in several cases been disproved or 
retracted17 - 19 . That is, metal dioxygen complexes have 
features and properties more consistent with an oxidised 
metal-coordinated oxygen anion species than with an unoxid-
ised metal-molecular oxygen species. 
19 Controversy does still exist for some systems and 
naive application of the formalism can lead to conceptual 
difficulties in others. Nonetheless, consideration of 
structural parameters such as r(O~O) and v(0-0) for free 
molecular oxygen, its excited states and its anions super-
oxide Oz and peroxide 0~- is appropriate. The superoxide 
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and peroxide anions are convenient yardsticks agai~st which 
r(0-0) and v(0-0) observed in dioxygen-metal complexes may 
be placed. 
But several points must be stressed:-
1. "Free ion" values for superoxide and peroxide anions 
do not in most cases exist per _se but can only be estimated 
by extrapolation. 
2. v(0-0) for coordinated dioxygen is not a pure 0-0 
stretching mode but is perturbed through attachment to 
the metal and crystal packing or solvent effects. 
3. Most importantly, r(0-0) and v(0-0) do not alone p~ovide 
evidence of a nett electron transfer from the metal onto 
dioxygen; they merely indicate an apparent reduction in the 
bond order of molecular oxygen upon coordination. It is 
. -
regarded as significant, though, that the reduction in bond 
\j\1'•\"' 
order coincides very closelyAthe reduction in bohd order 
which accompanies a one-electron or two-electron reduction 
of molecular oxygen. 
Hence conclusions about the superoxidic or peroxidic 
nature of the metal-dioxygen linkage based only on r(0-0) 
and/or v(0-0) without any appreciation of other factors 
associated with the metal dioxygen linkage (such as magnetic 
properties) may be erroneous. 
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These caveats notwithstanding comparison of v(0-0) 
for dioxygen and anions with v(0-0) for coordinated dioxygen 
is illuminating in that v(0-0), and also r(0-0), are still 
the most often discussed pointers to the nature of the metal-
dioxygen linkage. 
Table 2.1 lists values of r(0-0) and v(0-0) for 
molecular oxygen and its ions, and for various. types of metal-
dioxygen complexes. Figure 2.1 shows the relationships 
between v(0-0) and r(0-0) and bond order. One of the most 
notable features of metal-dioxygen complexes is that with 
very few ex~eptions there is little indication from r(0-0) 
and v(0-0) values for a continuum of states for coordinated 
dioxygen. There is an unfortunate lack of both v(0-0) and 
r(0-0) for the same dioxygen complex. 
A large number of comprehensive reviews on aspects of 
. 13 20-29 
metal dioxygen complexes ex1st ' ; consequently no 
attempt to provide an exhaustive literature survey is c~ntem-
plated. However the field of metal-dioxygen chemistry is 
still devel~ping rapidly and a number of interesting and 
significant new compounds have been reported since the most 
recent and excellent reviews of Vaska 1 ~ and McLendon and 
Marte11 29 . r A review covering the different types of metal-
dioxygen complexes (§2.2) is essential for subsequent class-
ification of the oxygen-binding proteins '(§2:3) since the 
nature of the metal-dioxygen linkage in protein systems has 
been largely deduced by analogy with well-characterised model 
systems. Because v(0-0) and r(0-0) are the most widely 
determined parameters attention will be focussed on them. 
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Table 2.1 Dioxygen, its anions and its complexes, 
Species 
02 
+ 
(3L~)02 
1 ( .t.9')02 
0 
I M-0 
O-M 
M-0/ peroxo 
0-0 
I \ M M 
" -/ X 
superoxo 
peroxo 
superoxo 
Haemoglobin Fe-02 ) 
Co-o2 ~ 
v (0 ...,.-o) 
-1 
em 
1860 
1556 
1484 
1090 
730 
1120-1163 
800-808 
1110-1122 
790-830 
1075-1110 
800-932 
905 
742 
844 
1103-1107 
r(0-0) 
0 
A 
1.12 
1.2107 
1.2192 
1. 34 
1.48 
1. 2'7 (1) -1.302 (3) 
1.339(6)-1.488(6)' 
1.243(13)-1.36(3) 
1. 46 
1.320(5) 
1. 399 (6) -1.52 (1), Av . .,. 1. 45 
1.49(3) 
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Figure 2.1 
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Relationships between r(0-0), V(0-0) and bond order 
for dioxygen, its ions and its complexes. 
(a) Relationship between r(0-0) and bond ·order for 
dioxygen and i·ts ions. · 
(b) Relationship be.tween v(0-0) and bond order for 
dioxygen and its ions. 
(c) Relationship between r(0-0) and v(0-0) for dioxygen(X) 
its ions(~) and its complexes. Error in ~(0-0) for 
coordinated dioxygen is indicated. 
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This Chapter therefore, reviews important features 
of molecular oxygen and its anions superoxide and peroxide 
(§2.1) and metal-dioxygen complexes (§2.2). It is on this 
foundation that the metal-dioxygen component of oxygen 
binding proteins is considered (§2.3). 
2.1 Molecular Oxygen and its Anions 
Because confusion still exists in the literature over 
.the most appropriate values to quote for the 0~0 separation, 
r(0-0), and the wavenumber of the 0-0 stretching mode, v(0-0), 
for the anions superoxide and peroxide in an isolated "free 
ion" state, some detail will be provided with, as far as 
practicable, the original literature consulted rather than 
reviews. Figures 2.1(a) and 2.1(b) show the smooth relation-
ship between v(0-0), r(0-0) and bond order for molecular 
oxygen and its ions. Figure 2.2 is. a qualitative molecular 
orbital energy level diagram for dioxygen. 
2.1.1 Molecular Oxygen 
From very high resolution spectroscopy r(0-0) for 
0 30 ground-state molecular oxygen has been determined as 1.2107 A 
This value is the equilibrium separation r 0 of the lowest 
vibrational state v=O, which because of anharmonicity is 
different from the more frequently cited separation re 
0 (1.2074 A). that applies to the non-existent vibrationless 
0 
state. However, to within O.OlA, r 0 andre are equal. The 
observed v(0-0) is 1556 cm-l Again the frequency we of 
the vibrationless state is sometimes quoted (1580 
3 -Ground-state molecular oxygen is in a triplet Eg 
-1 
em ) . 
electronic 
2p 
2s . 1l 
1s . 1l 
02 (7T* ) 1 2p. 
- ( * ) 2 02 7T2p 
2-
02 (7T2p)2 
I 
I 
, 
I 
(7T;p)1 
1 ( 7T * ) 2p 
( * )2 7T2p 
2p 
1s 
Figur·e 2 .·z: Simple molecular orbital energy level diagram 
for molecular oxygen and its ions. 
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state. In simple molecular-orbital terminology (Figure 2.2) 
the electronic configuration is 
( ) 2( * )2(. )2( * )2 _r; )2( )4( *)2 0 ls 0 ls 0 2s 0 2S ~2p TI2p TI2p 
with two unpaired electrons occupying two w* molecular 
~rbitals; the nett bond order is 2. In valence-bond 
terminology molecular oxygen is sp-hybridised. 
Molecular oxygen also has a number of excited states 
which have been suggested as relevant to the coordination of 
dioxygen to metals. . There is a low-lying metastable 1 A g 
. -1 . 3 -
singlet state 7882 em C~94.SkJ/mole) above the rg ground 
-1 
state. v(O-P) decreases to 1484 em and r 0 (0-0) increases 
0 31 to 1.219 A . The w* electrons are paired and occupy the 
same molecular orbital. In valence-.bond terminology mole-
cular oxygen is sp 2-hybridised; a lone pair of electrons 
occupy two sp 2 hybrids and the w orbital 1s empty. 
3 -A more excited state ( ru) has an re separation of 
0 ~1.60 A 32 , corresponding to an electronic configuration 
(w 2p) 3 (w 2 ~) 3 . This state was at one ~ime thought to be 
1 Co ) . f . 1 d. 1 16 ( re evant to r -0 o a part1cu ar 1oxygen comp ex see 
also §2.23). Two other excited states of this configur-
a 
t . ( 3 + l -) h t' of n.l.S2 A 32 a 1on ru, ru ave re separa 1ons v 
2.1.2 Superoxide 
One-election reduction of molecular oxygen produces 
the superoxide anion radical o;-. This species has a formal 
bond order of 1.5 (Fig~re 2.2); r(0-0) has increased and 
v(0-0) has decreased compared with molecular oxygen, 
(Figure 2.1). The most widely cited value for r(0-0) is 
0 33 1.28(2) A 
0 
this value is almost certainly ~0.06 A too 
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short. In the salt Na0 2 the 0-0 separation was determined 
0 34 ° 35 ° 33 as 1.33(6) A and 1.31(3) A for K0 2 1.28(2) A 
However, reinterpretation of the X-ray diffraction data for 
0 0 
K0 2 has led to r(0-0) in the range 1.32 A to 1.35 A 36 
From vibrational features of free superoxide ion and mole-
cular photodetachment spectrometry, re(0-0) was calculated 
to be 1.341(10) A 37 . A value of 1.377 ~has been calcul-
ated empirically using Badger's Rule from vibrational 
f t f f . . . d 38 ea ures o ree 1on superox1 e . 
For the radical HOz re(O,O) has been calculated 
quantum mechanically; different basis sets yield values 
0 0 39 
between 1.31 A and 1.39 A . Application of Pauling's 
empirical bond order relationship rule has given an 0-0 
0 39 
separation of 1.39 A for HOz 
The author is unaware of any recent precise and 
accurate X-ray crystallographically determined value of 
r(0-0) for superoxide salts. With an eye half-turned 
towa~ds values for r(0-0) observed in certain classes of 
transition metal-dioxygen adducts, a separation of 
0 
~1.34 A appears reasonable·and likely for free ion superoxide. 
Crystal packing effects lend to difficulties in 
Values of 1141 -1 em obtaining the free ion value for v(0-0). 
-1 (for Rb0 2) and 1146 em (for K0 2) have been reported using 
. 40 laser Raman spectroscopy . A somewhat lower value of 
. -1 1097 em for Li0 2 has been obtained (G.A.Ozin,value quoted 
in reference ~3]). Paradoxically, crystal packing effects 
have been used to estimate a free ion value for v(0-0). 
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Raman-determined values of v(0-0) for superoxide-doped 
alkali-metal halides vary systematically according to metal 
and halide due to crystal-packing effects. A free ion 
value of 1090 cm-l was obtained41 . A value of 1101 cm-l 
. 42 has been determined for H0 2 . 
The value of 1090 cm-l will be used as the free ion 
superoxide ion value of v(0-0). 
2.1.3 Peroxide 
Reduction of the superoxide anion by one electron 
creates the peroxide anion. Bond order 1s now only 1 
(Figure 2.2); an increase in r(0-0) and decrease in v(0-0) 
are observed (Figure 2.1). 
There is a similar uncertainty over the value of 
r(0-0) that is most appropriate for free ion peroxide as for 
superoxide. Analysis of high resolution gas phase infrared 
measurements for H2o2 has given a value for r(0-0) of 
0 
1.475(4) A 43 However assuming a different value (believed 
to be more accurate) for r(O-H) leads to a value for r(0-0) 
0 
of 1.467 A 44 . Single crystal neutron diffraction has 
. 
0 44 
given a separation of 1.453(7) A . More extensive hydrogen 
bonding in the solid state is probably responsible for the 
decreased 0-0 separation. Other less precisely determined 
0 0 
values between 1.47 and 1.51 A (average of eight ~1.496 A) 
for peroxide salts of groups I and II metals have been reviewed 
45,46 The average 0-0 separation for crystalline metal 
peroxides i~ probably closer to the free ion value than is 
r(0-0) for H2o2 since the covalent bond between "-0-0-" and 
"2H+" in hydrogen peroxide will disperse antibonding electron 
35. 
density away from the peroxide moiety, thereby leading to 
a shorter r(0-0). 
0 
Thus, a value of 1.49 A will be taken as the free 
peroxide ion separation. This value is also the one most 
generally cited in discussions of metal-dioxygen complexes. 
In contrast to the superoxide anion, no attempt has 
been made to determine v(0-0) for a free peroxide ion. 
For H2o 2 , v(0-0) is 880 cm-l which is a rather higher wave-
number than that observed for metal peroxide salts; this is 
consistent with trends in r(0-0) discussed above. Values 
supposedly for the peroxide ion, -1 in th~ range 1093 em to 
-1 1054 em for various group Ia and IIa metal peroxides have 
40 been determined by laser Raman spectroscopy . However, 
47 . 
these have since been shown to be carbonate artefacts . · 
This latter investigation47 revealed two values for v(0-0) 
1 -1 at 738 em- and 793 em for Na 2o 2 corresponding to peroxide 
anions at two sites of different symmetry. Other values 
of 836 cm-l for NH 4Ho 2 
48
, 802 cm-l for Li 2o 2 (G. A. Ozin 
quoted in reference [3])have been reported . From more recent 
and comprehensive studies 49 , v(0-0) has been observed in the 
-1 -1 
range 790 em (for Li 2o 2) to 736 em (for Na 2o 2) for group 
IA.metals (both extremes in moderate agreement with other 
independent observations); and 842 cm-l (for Ba0 2) to 944 
(for Zno 2) for group II metals. 
-1 A free peroxide ion wavenumber of ~730 em appears 
-1 
em 
likely in the absence of a value estimated similarly to that 
for the superoxide anion. 
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2.1.4 Summary 
In conclusion the following values are to be taken 
as reference points in subsequent discussions of dioxygen 
complexes:-
0 
-1 for dioxygen r (0.-.o) 1, 21 A, (0 -.0) 1556 em 
0 
-1 for superoxide ion r(0-0) 1. 34 A (0-0) 1090 em 
0 
-1 for peroxide ion r(0-0) 1. 49 A (0 -.0) 730 em 
2.2 Review of Metal-Dioxygen Complexes. 
In this section historical aspects of~the preparation 
and characterisation of metal-dioxygen complexes are firstly 
introduced in general terms (§2.2.1). Possible criteria 
for the classification of metal-dioxygen complexes are 
discussed in §2.2.2 .. Finally, the different types of 
complexes and their geometry are discussed more specifically 
in §2.2.3 and §2.2.4 with particular reference to r(0-0) 
. and v (0-.0). 
'In §2.2.5 possible factors influencing the geometry 
and nature of the metal-dioxygen linkage and a number of less 
definitively characterised metal-dioxygen complexes are 
examined. Here and elsewhere terms such as "metal-dioxygen 
complex", "dioxygen complex", "coordinated dioxygen", etc., 
and abbreviations such as M-0 2 , M_:_0 2--M, etc. are used with-
out implying anything about the nature of the metal-dioxygen 
linkage - that is, nothing is implied about the strength of 
the M-0 linkage, the nett amount of electron density transfer 
from the metal to ligand or vice versa, or about apparent 
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alteration in bond order of molecular oxygen as a conse-
quence of coordination. 
The results from well-characterised, comparatively 
simple, inorganic systems provide a foundation on which may 
be built an understanding of aspects of the function and 
structure of oxygen~binding proteins. 
2.2.1 Hi~torical Aspects. 
Dioxygen-containing complexes of cobalt have been 
known for some time; the first report on salts of the 
cat ion [ ( NH 3) 5 ( Co ( 0 2 ) Co ( NH 3 ) 5] 
4 + appeared in 18 5 2 5 0 
The ubiquitous Werner also prepared and characterised 
numbers of related dioxygen-containing cobalt ammine 
complexes 51 . Two types were recognised. The first 
type were the "red diamagnetic" species which were early 
formulated as peroxo-bridged cobalt(III) species Colli-
0. 2--C II I 2 0 . Formulation of the second type, "the green. 
paramagnetic" species, was debated for many years after 
Werner had suggested a Co 111-o~--Co 1V moiety. The rarity 
of the cobalt(IV) oxidation state led to suggestions dating 
f d 1 f b "d d . III -rom aroun 938, o a superoxo- r1 ge spec1es Co -0 2-
.C III 52 
0 • Support for this formulation has come from 
electron spin resonance studies which showed both cobalt 
atoms c59co,I=7/2) to be magnetically equivalent on the 
ESR time scale. The resonance band had a 15-line hyperfine 
53 
structure . Thus formulation of metal-dioxygen complexes 
as oxidised metal-reduced dioxygen (especially peroxide) 
species has a long history. This valence state approach 
did fall upon hard times 16 during the proliferation of 
complexes with n-donor and acceptor ligands and highly 
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covalent metal-ligand linkages which blurred distinctions 
between metal valence (or oxidation) states; but, more 
recently, at least for metal-dioxygen complexes, more 
precise and accurate crystal structure analyses have led 
. . 13 to 1ts resurrect1on . A useful, although brief, review 
on these early studies may be found in reference 54 . 
Calvin and coworkers in the 1940's in the course of 
extensive studies on Schiff-base complexes prepared a number 
of cobalt-dioxygen complexes with a metal to dioxygen ratio 
of 2:1 55 Those dinuclear complexes have subsequently 
become relevant to those of oxygen-carrying proteins which 
have pairs of metal atoms in close proximity and bind 
dioxygen in an identical ratio (§2.3.1). 
Mononuclear dioxygen complexes- that is, complexes 
with a metal to dioxygen ratio of 1:1-are of more recent 
vintage, although their (at least transient) existence is 
implicated in the formation of dinuclear adducts. Factors 
which lead to the isolation of mononuclear rather than 
dinuclear adducts will be considered in §2.2.5. Calvin 
also observed 1:1 uptake of dioxygen by cobalt~Schiff base 
56 
complexes . 
The first non-cobalt metal-dioxygen complex 
IrCl(CO) (o 2 )(PPh~ 2 was prepared by Vaska in 1963 57 . 
A large number of related complexes are now known. Mono-
.nuclear adducts with more biologically appropriate ligand 
systems and metal centre were characterised in detail in 
1969-1970 58 - 66 . An immense array of studies on mononuclear 
cobalt-dioxygen systems and, more recently, iron-dioxygen · 
systems has been published in the last seven years. These 
cobalt-and iron-dioxygen complexes are potential models for 
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the metalloproteins which bind oxygen in a 1:1 ratio. 
For many years there has been speculation over the. geometry 
and nature of the metal-dioxygen linkage in oxygen-binding 
proteins, especially those which, through molecules such as 
myoglobin that contain only one iron atom, have long been 
kno\m to bind oxygen in a 1:1 metal-to-dioxygen ratio to an 
iron porphyrin complex incorporated into the protein. 
Almost every possible geometry and formulation for this 
linkage has been proposed: proposals included coordination 
1 12,14 
of an excited state of molecu~ar o~ygen such as 6g 
linear coordination M-0-0 67 , angular coordination M/ 68 , 
1 · 1 d · · -A 69 d · · f h cova ent tr1angu ar coor 1nat1on ~ , coor 1nat1on o t e 
.d . 70 d . 1 d' . f h "d superox1 e 1on , an tr1angu ar coor 1nat1on o. t e perox1 e 
ion71 This matter was partially resolved with the deter-
mination of the crystal structure of a 1:1 cobalt dioxygen 
complex Co(bzacen) (py)(0 2)· which had a biologically-related 
126 ligand system , and more completely resolved with the 
determination of the structure of the iron porphyrin derivative~ 
Fe(TpivPP) (l-Me-imid)(0 2) 
11
. 
Precise determination of the stereochemistry of the 
metal dioxygen linkage not only for 1:1 but also for 2:1 
metal-dioxygen species is comparatively recent, and the 
early literature, unfortunately, abounds in red herrings. 
The first structure determinations of 2:1 cobalt dioxygen 
·complexes, namely the structures of the "green paramagnetic" 
J 54 complex [(NH3) 5Co(0 2)Co(NH3) 5 (N0 3) 5 and of the "red 
. 72 diamagnetic" complex [(NH 3) 5 (Co(0 2)Co(NH3) 5] (SCN) 4 have 
been proven inaccurate 73 , 74 . 
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Moreover, the first mononuclear complex which was structurally 
75 
characterised, IrCl(CO) (0 2)(PPh3) 2 , has an 0-0 separation 
quiteatypical for its type 76 . 
Dioxygen has been observed to coordinate to metals 
in a variety of geometries with a variety of supporting 
ligands .. Of the possibilities listed in Figure 2.3 only the 
linear geometries (b) and (e) remain unobserved although 
there has been a false alarm77 that was subsequently corr-
ected78. Stereochemical considerations provide various sets 
of criteria by which dioxygen complexes may be classified; 
a number of such sets are discussed in the next subsection. 
2. 2. 2. Classification of Metal-Dioxygen Complexes. 
Metal-dioxygen complexes may be grouped in several 
ways. ·one possibility is to classify them according to the 
symmetry of the metal-dioxygen linkage, end-on (a)-(e) versus 
side-on (f) and (g); another, according to the number of· 
metal-oxygen linkages, mononuclear M-0 2 versus dinuclear 
M-0 2-M which also parallels the semi-historical introduction 
of the preceding section. However the most useful class-
ification is according to the nature of the bound dioxygen 
ligand: is the coordinated dioxygen peroxide-like or peroxo, 
or is it superoxide -1 ike or s~.-,perDxc) A more careful definition 
of the terms peroxo and superoxo is given in a subsequent 
paragraph. 
The dividing line between peroxo and superoxo spec1es 
irrespective of geometry is remarkably clear-cut with regard 
to v(0-0) and r(0-0). The peroxo complexes have v(0-0) ·in 
(a) mononuclear, end-on bent. 
0-M 
M-· o1 
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M-0-0 
(b) mononuclear,. linear, 
(c) dinuclear, end-on (d) dinuclear, end on (e) dinuclear, linear 
planar and non-
planar. 
(f) side-on, triangular. 
planar and non-
planar. 
(g) dinuclear, side-on triangular. 
Figure 2.3 Possible modes 'of coordination of dioxygen. 
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-1 -1 the range 790 em to 932 em and r(0.-0) with few exceptions 
0 0 
in the range 1.42(1) A to 1.51(1) A with the distribution 
k · d · ~·1. 4 6 A0 13 h b · pea 1ng an averag1ng at ·v - ence, y compar1son 
with the free peroxide ion (Table 2.1), the name peroxo. 
Complexes labelled superoxo have v(0-0) in .the narrower 
0 
range 1075 cm- 1 to 1140 cm- 1 and r(0-0) in the range 1.24(1) A 
0 
to 1.320 (5) A - hence, analogously, the name superoxo. 
Assignment of these infrared bands as essentially pure 0-0 
stretching modes has been confirmed in ?everal cases by 
. . b . . f 18o f 16o 1 
· 1sotop1c su st1tut1on o 2 or 2 ; c ose agreement 
between the calculated and observed isotopic shifts in 
wavenumber indicate that modes involving dioxygen, v(0-0) 
and also v(M-0), are only weakly coupled with each other or 
. 79 80 176 Wlth.other modes ' ' . Resonance Raman spectroscopy 
has also assisted identification of v(O~O) in those complexes 
where it is infrared inactive. 
Geometries (a) , (c) and (d) are represented in th~ 
superoxo class; geometries (c), (d), (f) and (g) in the 
peroxo class. Especially noteworthy is the presence in the 
peroxo class of both the end-on geometry (c) and (d) and the 
side-on geometry (f) and (g). It is also noteworthy that 
the precise determination of the structures of end-on cobalt-
dioxygen complexes has been the exclusive domain of Schaefer 
· and coworkers. Figure 2.1(c) also highlights the division 
of dioxygen complexes into the two classes peroxo and superoxo, 
although there is an unfortunate lack of r(U~O) and v(0-0) 
reported for the same complex. 
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Before dioxygen complexes are discussed in more 
detail in the next subsections a closer examination of the 
labels peroxo and superoxo is required. There is consider-
able covalent character in the metal-oxygen linkage; 
estimates for metal-dioxygen bond energies for certain types 
of complex are in the 360-400 kJ range 81 . But to formulate 
a metal-dioxygen complex as a purely covalent species M0 Lno2 
or M0 Lno 2cr[nM denies the nett transfer of electron density 
from metal to dioxygen which lines of evidence other than 
values for v(0-0) and r(0-0) imply. Conversely, to formu-
late a metal-dioxygen complex as a purely ionic M+lo;, 
M+!Q~--M+ 1 or M+ 1-a;-M+1 species denies the covalent character 
that exists. However, the ionic formulation reflects better 
the distinction in r(0-0) and v(0-0) between the two major 
types of coordinated dioxygen; it also reflects better the 
correspondence in these parameters for dioxygen complexes 
with those for the superoxide and peroxide anions. Therefore, 
the covalent character in the metal-dioxygen bond, which 
1 d · f 1 d J.lx + 1 0 - · · · f ea s 1n systems ormu ate as l' - 2 to sp1n-pa1r1ng o 
the superoxide electron with an unpaired metal 3d electron 
(where applicable), is implicit in the formulation. The 
terms superoxo and peroxo have been respectively defined as 
"covalently bound dioxygen resembling 
'~covalently bound dioxygen resembling 
superoxide o;" and 
2- 13 peroxide o2 " 
Unfortunately some of the early literature uses the term 
peroxo to cover both superoxo and peroxo ligands. Thus in 
the titles of the literature cited, "(su)" will be prefixed 
to "peroxo1' for clarification when necessary. 
Furthermore, circumstantial evidence additional to 
r(0-.0) and v(0-0) is necessary to support the hypothesis 
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that there is more than just a formal transfer of electron 
density in one or two electron quanta from the metal onto 
dioxygen. Further such evidence has come from a wide 
range of studies including ESR, uv-visible and X-ray photo-
electron spectroscopy, and positive correlations of redox 
properties of unoxygenated species with the stabilities of 
their dioxygen adducts. A more detailed review on the 
formulation of 1:1 end-on bonded dioxygen complexes of 
cobalt and iron will be made in Chapte~s 3 and 4. 
In the next two subsections metal-dioxygen complexes 
belonging to the peroxo and superoxo class will be reviewed 
as a prerequisite to understanding the nature of the oxygen-
binding active site of metalloproteins. 
2.2.3 Peroxo Complexes. 
For complexes of this class, irrespective of their 
basic geometry, metal centre and supporting ligand system, 
r(0-0) is usually only marginally shorter than the "free ion" 
0 
value (1. 49 A) . Vaska's compilation13 of r(0-0) distances 
for peroxo complexes is revised and updated and the distrib-
ution of r(0-0) plotted in Figure 2.4(a). Values for r(0-0) 
from structure analyses of low precision, doubtful accuracy 
or unspecified composition are denoted by thin' lines and 
are excluded from calculations of the unweighted standard 
deviation and mean of the distribution of 0~0 separations. 
\1 
\.45 
r(0-0) A 
0 
(a) Peroxo Complexes, Average r(0-0) = 1.45(4) A. 
-0 <I geometry 
Average r(0-0) 
= 1.46(3) ~ 
geometry 
/o-~ 
M M 
Average r(0-0) 
0 
=' 1.47{2) A 
\.'111 
r(D-0) A 
0 (b) Superoxo Complexes, Average r(0-0) = 1.29(3) A. 
\Ill 
0 geometry /O-M M--0 geometry 
Average r(0-0) 
= 1.27(2) )\ 
/o-o, 
M M 
Average r(g-o> 
= 1. 31 (4) A 
4 5. 
0 o-.r-1 M--0~ geometry 
(Schiff base 
complex) 
Average r(g-o> 
= 1.34(4) A 
Figure 2.4 Distribution of r(0-0) for dioxygen complexes. 
For reference numbers, where not indicated, 
k I , 13 see Vas a s rev1ew . 
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For 49 peroxo complexes the average 0-0 separation is 
0 0 
1.45 A with a standard deviation of 0.04 A which is about 
twice the mean standard deviation for individual r(0-0) values. 
There is, however, an anomalous group of three complexes 
(see Figure 2.4) which have a much smaller r(0-0). 
Values for v(0-0) range from 790 cm-l to 964 cm-l 
the distribution peaks and averages at ~860 cm-l which is 
in the region for v(0-0) of simple peroxide salts (§2.1.3). 
The different geometries exhibited by peroxo complexes 
will now be examined. 
Typ·e ·(f) .. M:-j· geome·try. 
Dioxygen complexes with this geometry are generally 
referred to as side-on TI-bonded adducts. Their average 
0 
r(0-0) is 1.46(3) A. The Dewar-Chatt ethylene model has 
provided the basis for much discussion on the bonding of 
d . . h . 96,97 1oxygen 1n t ese spec1es . In very general terms, 
electrons from a filled dioxygen Tip molecular orbital 
are a-donated into some empty metal orbital; electrons in 
* other metal orbitals may be TI batkdonated to the oxygen Tip 
orbitals. 
It may be noted that the bond order of the dioxygen 
ligand is decreased not only by cr donation to the metal from 
its TI(0 2) system but also by TI b~ckdonation from the metal 
to its TI*(0 2) system. 
4 7. 
The peroxide character of the coordinated dioxygen 
component as a function of the relative energies of suitably 
disposed metal orbitals and oxygen TI~ molecular orbitals is 
illustrated in Figure 2.5. 
,..---, 
. \ 
J . \ 
·--.... = 1T* 
: : p 
~ ,. 
. 
. / 
metal""----\ ' I I 
\ . 
. , I 
~ 
(a) long r(M-0) 
short r(0-0) 
~~ metal 
I I 
I I 
I I 
I I 
I I 
metal -\ -···\= TI* \ .. p 
\ .' 
\ I \ . 
..,___; 
(b) short r (M-0) 
lengthened r(0-0) 
--------~ increasing peroxide character 
Figure 2.5: A metal-dioxygen 1T-bonding scheme. 
r-"\ 
/ ' 
. ' 
'I I 
' I 
I I 
I 1 
I -··'=:,1f* 
\_/ p 
(c) long r(M-0) 
long (r-0) 
13 At the most recent count over 170 adducts with 
this geometry had been characterised with varying certainty. 
Complexes are known for transition metahfrom group IVb to 
group VIII(d10) with the exception of hafnium, iron (notably) 
and group VIIb (manganese group) elements. There is an 
apparent dividing line in the nature of sideways coordinated 
peroxo complexes of the early and late transition metals:-
48. 
1. The early transition metals coordinate from one to four 
peroxo ligands; the late transition metals invariably coord-
inate just the one. 
2. For the early transition metals the supporting ligand 
" 2-/P=O, 0 , system comprises "hard", cr-donor species such as 
' ..,.......N and H2o, while for the late transition metals, "soft" 
- / ./ 
w-acceptor species such as CO, CN , P-- and As-- are dominant. 
......... .......... 
3. High coordination numbers,between six and eight 1 are 
observed for the early transition metals; coordination 
numbers of four and six are observed for the late transition 
metals. The peroxo ligand is regarded as a bidentate 
chelate in both cases. 
4. While no studies appear to have been made on the 
polarity of the metal-dioxygen component for the early 
transition-metal complexes, in view of the "hard" ligand 
systems associated with these complexes, a "harder", more 
polarised and more peroxide anion-like metal-dioxygen linkage 
.appears reasonable by comparison with the late transition metal 
peroxo complexes. A less polar metal-dioxygen linkage may 
pertain to the latter peroxo complexes since very close 
relatives of a number of these complexe~?S,? 6 ,l?l,l7 3 ,17S, 
will also coordinate ethylene 296 ; and the metal-olefin bond 
is known to be covalent and non-polar.,at least for K[PtC1 3 (c 2H4)]-
·H 0 297,298 2 Despite the apparent differences in polarity of 
the metal-dioxygen linkage for these two groups there are no 
significant differences in r(0-0) and v(0-0) values. 
Recently, a number of dioxygen adducts of metallopor-
phyrins with side-ways coordinated dioxygen have been character-
ised, including a group VIIb complex Mn(TPP) (0 2)
98
,
99 ; a 
side-on geometry was inferred from spectroscdpic and magnetic 
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data 98 . A titanium-dioxygen complex Ti(OEP) (0 2) has been 
structurally characterised; side-on coordination of dioxygen 
0 89 
with an 0-0 separation of 1.458(9) A was observed . It is 
formally a titanium IV d0 spec1es. 
Another metalloporphyrin-dioxygen adduct 
Mo(p-CH3TPP) (0 2) 2 has two dioxygen ligands trans to each 
other. It has one of the shortest-observed, precisely-
a 
determined 0-0 separations (1.399(6) A) and also, satisfyingly, 
the highest v(0-0) observed (964 cm- 1) 87 . These parameters 
are readily rationalised by noting that as a molybdenum VI d0 
peroxy species the electron-deficient mQlybdenum VI oxidation 
state will be assuaged by a larger-than-usual donation of 
electron density from the peroxide to the metal. That 7f bond-
ing is very significant in these metalloporphyrin-peroxo 
complexes is demonstrated by the eclipsing configuration 
adopted by dioxygen so that the metal dxz,yz orbitals which 
are aligned along the M-N h bonds may accept 1r*(0 2) porp p 
electron density from the peroxo group (Figure 2.6). 
These peroxo metalloporphyrins will be encountered again in 
Chapter 4. 
Figure 2.6: Possible 7f-bonding 
~ in M(porphinato)-
(02) species. 
so. 
At one time a rather elegant correlation which had 
considerable influence on discussions of the nature of the 
1 d . 1" k 16 meta - 1oxygen 1n age was thought to exist between 
r(0-0) and the reversibility (or lack of it) of dioxygen 
b . d" f . "d" . 1 gs,lOO h" 1 . . d 1n 1ng or 1r1 1um comp exes ; t 1s corre at1on ga1ne 
'd bl b"l" 25,26 101 cons1 era e respecta 1 1ty ' [Ir(0 2) (Ph 2PCH 2CH 2-
o 
PPh2) 2]+ had dioxygen bound irreversibly with r(0-0) 1.63(2) A, 
whereqs, at the other extreme, IrCl(CO) (0 2) (PPh3) 2 had dioxygen 
0 
bound reversibly with r(0-0) 1.30(3) A. A dividing line 
between reversible and irreversible dioxygen binding appeared 
0 
to exist at ~1.44A. Formulation of these complexes as 
adducts of excited state dioxygen was proposed16 ; the excited 
3 0 
state E~ (r(0-0) ~ 1.60 A) was thought to be applicable to 
[Ir(0 2)(Ph2PcH 2cH 2PPh 2) 2]+. Anomalies soon appeared; for· 
the very close relative of IrCl(CO) (0 2) (PPh3) 2 , IrCl(CO) (0 2)-0 76 (PPh 2Et) 2 , r(0-0) was found to be 1.46(1) A . Moreover, 
a recent.redetermination of the crystal structure of 
[Ir(o 2)(Ph2PcH 2CH 2PPH 2)]+ found the long 0-0 separation to be 
a function of crystal decomposition; an improved value of 
0 
1.52(1) A was obtained92 , 93 . These workers also doubted 
0 
the reliability of the 1.30(3) A separation for [IrCl(C0)(0 2)-
(PPh3) 2] . 
A variation of this geometry is found in the dimeric 
species [RhCl (0 2) (PPh3) 2] 2 
102 (Figure 2. 7) 
/0-M 
features of a non-planar M~ species. 
which also has 
. 51. 
Type (g) 
0 
Complexes of this variation on the type (f) ~6 geometry 
are rare; only the one example is known which has r(0-0) of 
0 
-1 91 -~1-1.49(3) A and v(0-0) of 905 em . The~ group is 
plan~r. An early report of a cobalt complex (albeit a superoxo 
species) [(NH3) 5co (0 2) Co (NH 3) JCN0 3) 5 having this geometry
54 h·as 
been corrected; 73 , 103 , the complex has typical type (c) geometry. 
Type (c) 
. /0-M 
M-0 , Type (d) /o-o, M. . M 
Table 2. 2 contains r (0-0)
1 
L (M-0-0) and '(M-0-0-M) for 
all structurally characterised compounds of this geometry. In 
contrast to the large number of metals and_oxidation states 
associated with dioxygen complexes of type (f) geometry, type (c) 
-or (d) geometries are known with certainty only for dioxygen 
adducts of cobalt(II) d7 complexes, outside biological systems. 
These are the "red diamagnetic" compounds mentioned earlier 
(§2.2.1) and they are generally described as end-on a-bonded 
structures. The complexes are invariably six-coordinate. 
The bonding of dioxygen may be approached from two directions 
using a hybrid of simple molecular orbital and valence bond 
Table 2.2 • Stereochemistry of bent-bonded metal dioxyqen complexes. 
r(0-0) ,cco-o-ol r(M-Ol T (Co-0-0-Co) 
Complex 0 (0) 0 (0) (A) (A) 
0 
"" 
I (a) M-0 sueeroxo. 
O· 
Co(bzacen) (py) (0
2
) 1.28(3)A 125(2) 1.88(2) 
-
. [co CCN) s co21 p- 1.240 (17) 1S3(2) 1.906 (14.) -
CO(t-Bsa1ten) (lBz-imid) 1021 1.273(10) ll7.S(6) 1.973 (7) -
Co(sa1tmen) (1-Bz-imid) co21 1.277 (3) 120.0(2) 1.889 (2) -
eo(3-Fsa1tmen) (1-Me-imid) (02) 1.302 (3) 117.4(2) 1.991(2) -
eo(salen-C2H4-py) (02) 
_a ·a 
. 1.90(3)b bent . 
Fe(TpivPP) (1-Me-imid) (02 ) -
a bent8 1. 7S (2) . 
O-M o-o 
I I \ (b) M-0 
'M M Superoxo 
Ks [<eNl sec co2 Jco(CNl s1 ·H2o 1.243(13) 121.2(7) 1. ~44 (9) 166 1.289(20) 120.7(10) 1.919(9) 180 
(CNH3) SCo (02) Co (NH3) S] (SO 4J (HSO 41 l 1.312('1.20) 118(2) 1.99(2) 175 
[!NH3)SCo(02 )Co(NH3J;l (N03)S 1.317 ('l.lS) 117.3 c1or 1.99S(8) 180 
[CNH3) 4Co(OzfH2)Co(NH3J 4] (N03J4 1.320 (S) 120.9(3) 1.867 (4) <~.190 
[<enl 2Co(02 ,NH2 )Co(enl 2] (No3J4 ·H20 1.3S3(11) 119.2 (7) 1.9£0 (8) 23.4 
O-M o-o 
(c) I I \ M-0 • 1'. M Peroxo 
[<eMF) (salen)eo(0
2
lco(0
2
) (salen) (DMFl] 1.339 (6) 120~3(2) 
. 1.910 (6) 110 
[ca2oJ (3-Fsalen)Co(02Jco(3-Fsalenl] 2 ·2CHC13 •pip 1. 31 (3) 119 1. 97 (3) 122 
[Cpip) (s.alen)Co(02 )co (salen) (pipl] ·0.66(CH3l 2co•0_33pip 1.383 (7) c 120(1) 1. 912 (S) 122 
K8 [CCNl Sec (02) Co (CN) 5] (N03) 2 ·4H20 1.447(4) . 1183 (3) 1. 98S (3) 180 
[C~>'ll3 ) SCo (02 ) Co (NHJ) 5] (SO 412 •4H20 1.473 (10) 1130 (9) 1.882 (7) 146 
(CNH3 ) Sec (02) Co (NH3 ) SJ (SCN) 4 1.469 (6)" 110.9 (4) 1.879 (3) 180 
[!en) (dien)Co(02)Co(en) (dienl] (Cl_04 l 4 1.488 (6) 110.0(3) 1.896(4) 180 
[!en) 2Co(02 ,NH2)eo(enl;J (SCN) 3 ·H20 1.46 - - non-planar 
(salprtr)Co(0
2
)co(salprtr) 1.4S (2) 118.5 1.93 (1) 149 
a Unreliable because of disorder. 
b Corrected for riding motion1 uncorrected, r(Co-0) • 1.84(3). 
c Severe solvate problems1 authors suggest true e.s.d's thrice those arising from the least-squares refinement. 
Reference 
[126] 
[ 78] 
[m] 
[124] 
[125} 
This work 
This work 
(1oa] 
[103] 
[ 73] 
[109] 
[no] 
[as] 
[ 84] 
[ 86] 
[104} 
[loG] 
[. 74] 
[107] 
[ 90] 
[1os] 
VI 
N 
considerations. 
Firstly, using the co 111-o~--co 111 formalism, there 
2 is cr donation of a lone pair of electrons from an sp -
hybridised oxygen orbital to the empty metal 3d 2 orbital. 
z 
With the np*(0 2) and metal d orbitals filled there can xz,yz 
53. 
be little metal-oxygen n bonding, unless higher energy metal 
4s and 4p, orbitals are considered. Moreover with little 
nett n bonding between oxygen atoms a non-planar Co-0-0-Co 
moiety is predicted to minimise electron repulsion. A 
Co-0-0 fongle close to 120° is also predicted. 
Secondly, a lone pair of electrons from an oxygen 
sp3-hybridised orbital may act as the a-donor to the empty 
cobalt(III) dz2 orbital. There can be no n-bonding component. 
Similarly, a non-eclipsing Co-0-0-Co configuration is predicted 
for minimum electron-pair repulsion, but a tighter Co-0-0 angle 
0 
nearer to the ideal tetrahedral value of 108 may be expected. 
Hydrogen· peroxide has torsion . 0 . angles, T (H-0-0-H), of 112 _(gas 
Phase) lll and 90° ( t l1i crys a ne phase) 44 . As will be described 
later, this approach appears to give a better representation of 
the Co-0 2-co moiety. 
Rigorous planarity of the Co-0-0-Co group is observed 
in about a third of the peroxo complex~s (Table 2.2). Crystal 
packing effects and cation-cation repulsion of highly charged 
cobalt(III) centres appear to dominate purely electronic consider-
ations of the dioxygen component; a planar conformation is 
therefore observed except where "neutralisation" of the positive 
cobalt centres is achieved with a delocalised ligand system such 
as a square-planar N,N'-ethylene Schiff-base or through an 
t · h d b d · t k · 1 · the 1 · d 10 7 ex ens1ve y rogen- on 1ng ne wor 1nvo v1ng 1gan s . 
Inspection of Table 2.2 and Figure 2.4(a) reveals a 
marked shortening in r(0-0) for N,N'-ethylene Schiff-base 
54. 
complexes compared to the ammine, amine and cyano complexes 
of this type; there also appears to be a slight lengthening 
in r(M-0) compared to the ammine and amine (but not cyano) 
complexes. In addition, the Co-0-0 angles are more open 
for the Schiff-base dioxygen adducts than for the ammine and 
amine complexes. These observations are consistent with 
the dioxygen bridge having considerably .less peroxide char-
acter for the Schiff-base type than for the ammine or amine 
type complex; a similar inference may be drawn, although less 
0 
strongly, for the decacyano complex (r(0-0) = 1.447(4) A, 
0 
r(M-0) = 1.985(3) A and L(Co-0-0) = 118.3(3) 0 ) when it 1s 
compared to those ammine and amine complexes that are pre-
cisely determined. The rough correlation between r(0-0) 
86 
and L(Co-0-0) has been noted by Schaefer . With the 
tighter L{Co-0-0) associated with a longer r(0-0) - close to 
that for the free peroxide ion - the metal-dioxygen linkage 
for the amine and ammine species 'is best considered, using 
the second approach described above, as a coordinated sp 3-
hybridised peroxide ion, while for the N,N'-ethylene Schiff-
base species, description of the metal-dioxygen linkage as 
coordinated sp 2-hybridised dioxygen appears more appropriate. 
In the former (sp 3-hybridised) case the peroxide ligand has 
no TI-bonding ability, in the latter (sp 2-hybridised) TI~bonding 
ability exists. Following Schaefer's terminology these 
Schiff-base complexes are referred to as ~-dioxygen species 86 
No values for v(0-0) have been reported for the 
~-dioxygen Schiff-base species to test the correlation between 
r(0-0) and peroxide character of the coordinated dioxygen 
55. 
ligand; ~(0-0) for the other ~-peroxo complexes are in the 
-1 
range 790 to 808 em , somewhat lower than for the triangular 
M~ species. 
The differences 1n peroxide character have been attrib-
uted to the rr-acceptor Schiff-base (and cyano) ligand system 
competing with the dioxygen for metal d electron density 29 . 
xz,yz 
It has been suggested that the tetranuclear complex .:[CB 2o)-
(3-Fsalen)Co(o 2)Co(3-Fsalen-)] 2 
. b" III - II lS a ls-Co -02-Co 
. 84 
spec1es However, the low precision.of the structure 
analysis renders tenuous any inferences made from differences 
in geometry about the two crystallographically independent 
cobalt atoms; moreover the other ~-dioxygen Schiff-base 
complexes have crystallographically imposed two-fold symmetry 
about the 0-0 linkage. 
The N,N'-ethylene Schiff-base complexes, compared to 
the other ~-peroxo complexes, have torsion-angles T(Co-0-0-Co) 
which are notably closer to that observed for hydrogen 
peroxide. This has been attributed to the minimisation of 
unfavourable contacts between the two ~-dioxygen-linked 
Schiff-base moieties of the square-planar Schiff-base rather 
/o-co 86 
than to just the Co-O group Thus, these ~-dioxygen 
Schiff-base complexes form a small sub-group where the 
division between coordinated-peroxide and coordinated-super-
oxide formulations (under which almost all of the other metal-
dioxygen may be classified) is blurred. Links between the 
various classes and types of dioxygen complexes are discussed 
further in §2.2.5. 
One-electron oxidation of the decacyano,ammine and amine 
~-peroxo complexes creates the ~-superoxo complexes. Such 
oxidation has not been reported for the ~-dioxygen Schiff-base 
species. 
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2.2.4 Superoxo Complexes. 
Superoxo complexes are characterised by 0-0 separations 
0 0 
less than 1.35 A (average r(0-0) = 1.29(3) A),and v(0-0) is. in 
-1 -1 the range 1075 em to 1163 em (Tables 2.1 and 2.2, Figure 
2.4(b]; values for v(0-0) and r(0-0) are known for only a few 
dioxygen adducts of this class (Figure 2.1(c)). The correspond-
0 
ing parameters for the free superoxide ion are 1.34 A and 1090 cm- 1 
Superoxo complexes are closely related to the peroxo complexes of 
0-M 0-0 
types (c) M-0/ and (d) M1 . 'M geometry with respect to the 
ligand system, metal centre and the end-on angular coordination 
of dioxygen. Dinuclear ~-superoxo complexes have long been 
known; mononuclear ones are of comparatively recent vintage,and 
it is only in the last four years that mononuclear iron-dioxygen 
complexes have been prepared and characterised without the agency 
of a protective protein envelope. Superoxo-cobalt complexes, 
in contrast to the peroxo analogues, are paramagnetic and the 
location of unpaired electron density may be probed using electron 
spin (paramagnetic) resonance spectroscopy, especially since the 
cobalt nucleus is paramagnetic ( 59co,I=7/2). Results obtained 
using ESR and uv-visible spectroscopy and other tehniques have 
also been used to support the superoxo-cobalt(III) formulations 
co
111
,Fe 111-o; and co 11 ~o2-co 111 This other evidence will be 
examined in §3.1 and §4.1 for cobal~and iron-dioxygen complexes• 
respectively. 
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O-M 0-0 
Type (c) M-0/- , Type (d) M/ 'M 
In contrast to the peroxo complexes of this geometry, 
the conformation for the Co-0-0-Co group is expected to be 
planar. Whereas in the peroxide ion the ~ and ~* orbitals p p 
are filled and there is no nett ~ bonding, in the superoxide 
ion there is still a nett half ~ bond so that a planar conform-
ation is the most favoured. A bond angle L(Co-0-0) of 
120° is expected for sp 2-hybridised oxygen atoms. 
Inspection of Table 2.2 shows th~t values of r(Co-0) 
for peroxo and superoxo complexes of this geometry are quite 
similar. Thus any ~ bonding between the half-filled ~~CO~) 
and the filled 3d (Coiii) orbitals, which may occur for 
xz,yz 
the superoxo-type complex but not for the peroxo-type, is 
minor. 
Crystal packing effects may induce deviations from the 
ideal conformation. Indeed, in the crystal structure of the 
[ J 5- . (CN) 5Co(0 2)Co(CN) 5 anion, both rigorously planar and-
slightly non-planar conformations are observed108 . This 
decacyano complex like its ~-peroxo analogue is somewhat 
anomalous; its two crystallographically independent anions 
0 0 
have values for r(0-0) of 1.289(20) A and 1.243(13) A, and 
0 0 
for r(Co-0) of 1.919(9) A and 1.944(9) A. The 0-0 separation 
is shorter and the Co-O separation longer than for other 
~-superoxo complexes (Table 2.2). Moreover, in both the 
~-superoxo and ~-peroxo decacyano complexes r(Co-Cax) is 
shorter than r(Co-C ) ; in the analogous decammine and amine 
eq 
complexes r(Co-Nax) is the same as or slightly longer than 
r(Co-N ) . 
eq 
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The 0-0 stretching frequencies for the bridged trans-
O-M 
superoxo M-0/ -1 -1 species are in the range 1110 ern to 1122 ern 
and for the bridged cis-superoxo M/o-o,M spec1es 1075 -1 ern 
to 1110 crn- 1 13 This reduction is probably a kinematic effect. 
At one time the. "green paramagnetic" cobalt complexes 
(i.e. the type) formulated I I I 2~ IV . Co -0 2-co spec1es. superoxo were 
However, ESR spectroscopy has 
0 
Type (a) M-0/ 
as 
shown this to be inappropriate 53 
Preparation and structural characterisation of complexes 
of this type are quite recent. As will be shown in the next 
section these complexes are potential models for the haemoprotein 
class of oxygen-binding proteins. These complexes are synthetic-
2-o~M 
ally closely related to the ~peroxo M-0/ type. For ~xarnple:-
[co (CN) 
5
] 3- + o
2 
[co(CN)
5
o
2
] 3- + [co(CN)
5
] 3-
[co (CN) 
5 
(o
2
>] 3 ~ · 
[co (CN) 
5 
(0
2
) Co (CN) 
5
] 6 - . 
The structure of the mononuclear [Co(CN) 5o~ 3- intermediate 
has been deterrnined 78 , 79 . Curiously, r(Co-C ) is the same as 
ax 
r(Co-C ); this is in contrast to the dinuclear decacyano 
eq 
adducts. 
0 
A cobalt complex of this type (Co-O/ ) has been structur-
ally characterised and is described in Chapter 3. Several 
very precise structures of cobalt-dioxygen adducts of this type 
are now available 123- 125 . The 0-0 separations range from 1.27(1) 
0 
to 1.302(3) A (Table 2,2); these are slightly shorter than the 
separations observed for most of the ~-superoxo complexes (1.31 
0 
tQ 1.35 A, see also Figure 2.4(b). A shorter 0-0 bond length 
is consistent with the higher v(0-0) wavenumber for the mono-
59. 
nuclear type; v(0-0) is in the range 1120 - 1140 cm- 1 (Table 
2.1). This may, of course, be merely a kinematic effect. 
3 /0 0 78 
Except for [Co(CN) 5 (o 2)] -,where the Co-o angle is 153(2) 0 
the Co-O/ angle is again close to 120° (as is found for the 
~-superoxo species). 
Two iron-dioxygen complexes have now been structurally 
III -characterised. Although various data support an Fe -02 
representation, analogous to that for cobalt-dioxygen systems, 
12 67 the apparent diamagnetism of these compounds ' implies 
considerable covalency in a linkage formulated as (d 5)Feiii_ 
14 Oz. After a false alarm , v(0-0) for iron-porphyrin-
dioxygen complexes was determined to be in the range 1159 to 
1163 cm- 1 ; for the corresponding cobalt complexes v(0-0) was 
in the range 1150 to 1153 cm- 1 17 . The Fe-0 separation, 
0 
1.75(2) A for Fe(TpivPP) (1-Me-imid) (0 2), is apparently signif-
icantly shorter than the Co-O separation for cobalt-Schiff 
base-dioxygen complexes; the iron-axial ligand (Fe-N ·) bond 
ax . 
length is somewhat longer by comparison with Schiff base 
complexes. 
A more detailed discussion on the structure of and 
bonding in mononuclear cobalt-and iron-dioxygen complexes may 
be found in Chapters 3 and 4 respectively, and Chapter 6. 
· 2:2.5 Miscellaneous 
Using the information gained from the potential model 
systems described in the previous subsections a clearer picture 
of the active site of oxygen-binding metalloproteins is possible. 
But before embarking on this course there are a number of threads 
from the previous subsections which may be woven together. 
There are four somewhat related matters to be considered~-
60. 
1. Does the oxidised metal-coordinated oxygen anion valence 
approach break down. 
2. What other metal-dioxygen complexes not considered in 
§2.2.3 and ~.2.4 exist. 
3. For a given metal centre what is the effect of changing 
its ligature on the metal-dioxygen linkage. 
4. For a given ligature what factors influence the geometry 
of the dioxygen linkage as the metal centre is varied. 
Doe's it Break Down 
0 
With the free peroxide ion having r(0-0) of 1.49 A and 
v(0-0) of ~730 cm- 1 it would be difficult to rationalise, under 
the aegis of a coordinated-peroxide formulation, any dioxygen 
complex which had a value for r(0-0) significantly'greater than 
0 
1.49 A or a value for v(0-0) substantially less than 730 cm- 1 
0 
It was this difficulty in accounting for the 1.63(2) A 0-0 
separation apparently observed for ~r(0 2 )(Ph 2 PcH 2 cH 2 PPh)J+_ 95 
that lead to the invocation of excited states of dioxygen16 
(see also §2.2.3). However, with the redetermination of this 
0 
structure returning an oxygen-oxygen separation of 1.52(1) A 
there now exist no structures where r(0-0) is significantly 
0 
greater than 1.49 A. Similarly the rarity of a cobalt(IV) or 
iron(IV) oxidation state means that cobalt- and iron-dioxygen 
. III -
complexes formulated as coordinated-superoxide spec1es,M -0 2 
or MIIL 0;;-o-M
111
, should not have an 0-0 separation significantly 
0 
greater than the free superoxide ion value of 1.34 A; nor should 
. -1 
. they have v (0-0) substantially less than · .·1090 em . No except-
ions to this have been observed. The only lower bound is that 
0 
of free molecular oxygen (1;21 A) which has also remained 
inviolate. 
The ~-dioxygen N,N'-ethylene Schiff-base complexes 
which, through their diamagnetism, betray their relation-
ship to the ~-peroxo decammine complexes need not be 
considered grossly anomalous. Figure 2.5 illustrates a 
relationship between ~-dioxygen and ~-peroxide species as 
a function of the relative energies of metal and oxygen 
orbitals. Nonetheless they still remain as exceptions to 
the otherwise remarkably sharp division nf dioxygen com-
·plexes into peroxo and superoxo classes on the basis of 
61. 
their 0-0 separations; they indicate that the nett electron 
transfer to .dioxygen on its coordination to a metal is not 
always the near-integral number apparently observed in most 
other systems - namely, ~1 electron for a superoxo species 
and~2 electrons for a a-bonded peroxo species. For the 
n-bonded M~b species a division between a neutral covalent 
. x+2 2-linkage and a polar1sed M -0 2 appears to be observed; 
that is in the former there is little nett transfer of 
electron density onto dioxygen. 
An apparent violation of the molecular oxygen upper 
bound for v(0-0) was the solid-gas phase preparation of a 
dioxygen adduct of an iron porphyrin. The product had 
v(0-0) valuesof 1663 and 1597 cm- 1 128 compared to the free 
molecular oxygen's wavenumber of 1556 cm- 1 . However, other 
spettroscopic and magnetic evidence supported not an iron-
dioxygen species but a donor-acceptor complex between dioxygen 
and the porphyrin species. 
A number of complexes are known, for example 
[RhC1(o 2)PPh3) 2} 2 (Figure 2.7)
102 
where the distinction 
between a ssmmetrical triangular Kj species and an end-on 
0-M 
bent M-0/ species is blurred. Involvement of the two 
orthogonally oriented n~(0 2 ) orbitals with the two rhodium 
atoms was postulated102 . 
Between the peroxo and superoxo classes there is a 
62. 
correlation between r (0-0) and v (0-0) (Tables 2.1, 2. 2, 2. 3, 
Figure 2.1(c)). But within a class (the peroxo class 
because it has more entries), there appears to be little 
or no correla~ion between r(0-0) and v(0-0). Reasons for 
this could include crystal packing effects, non-purity of 
v(0-0) and the low precision of many X-ray single crystal 
structure analyses of metal-dioxygen complexes. 
Other Metal-Dioxygen Species 
/0-M 
While iron-dioxygen complexes of M-0 geometry 
in the solid state are unknown there has been a number of 
reports of such species existing in solution not just as 
transitory species on the way to the formation of a ~-oxo 
dinuclear complex. Recently oxygenation of cis-[Fe 11 (bt) 2-
(NCS) 2] (bt = 2,2'-bi-2-thiazoline) in non-aqueous media 
yielded a product "having properties consistent in which 
seven-coordinate iron(II) ions in the triplet S=1 ground 
129 
state are bridged by singlet oxygen" . Earlier it had 
been reported that iron(II) phthalocyaninetetrasulphonic 
acid reversibly coordinated dioxygen in a 2Fe:10 2 ratio in 
neutral aqueous solutionS to give a proposed Fe-~-Fe 
species130 However it is as well to note that some iron(II) 
Table 2.3 ~ r(0-0) and v(0-0) for some dioxygen complexes. 
Compound 
Mo(p-CH
3
TPP) (0
2
)
2 
Q;o(Ph2PCH=CHPPh2 ) (02 )] (BP;4 ) 
C130U(02 )UOC13 
Ni(CNC(CH3 ) 3 ) 2 (o2 ) 
Data plotted in Figure 2.l(c). 
Ti (OEP) (0
2
) 
(CN) 2 (PPhMe2 ) 3Co(NC)Co(CN) 2 (PPhMe2 ) 2 Co2 ) 
CrO(py) (0
2 ) 2 
Mo (0
2
) (HMPT) (py) 
K3 [cr co2 ) 4] 
Mo(0
2
) (HMPT) (H20) 
Cr(NH
3
)
3
(o2 ) 2 
Iri(CO) (PPh3 ) 2 Co2 ) 
[Rh (AsPhMe2 ) 4 (02 ) J (Cj.O 4 ) 
[Ir (Ph2PcR2cH2PPh2 ) 2 (02 )] (PF 6 ) 
[o (0 2 ) 2Mo (OOH) 2Mo0 (02 ) 2] IJ>yH] 2 
Pt(PPh3 ) 2o 2 ·CHC13 
~NH3)5Co (02 )Co (NH3 ) 5] (S04 ) 2 
[Cen) 2co (02 ,NH2 ) Co (en)J ~CN) 3 
Co(bzacen) (py)(02 ) 
[CNH3 ) 5co (02 ) Co (NH3 ) 5] (N03 ) 5 . 
~0 (CN) 5 (02)] IE (C2H5) J 3 
r(0-0) 
0 
A 
1.399(6) 
1.420(10) (B1:4 ) 
1.49(3) 
1.45(1) 
1.458(9) 
1. 441 (11) 
1.404 (16) 
1.441(15) 
1. 47 (3) 
1. 496 (8) 
1.42(2) 
1.51(3) 
1.46(2) 
1. 52 (1) (PF 
6
) 
1.470 (10) 
1.505(16) 
1.473 (10) 
1. 46 (SCN) 
l. 28 (3) 
1. 312 ( ...... 20) 
l. 240 (17) 
v(0-0) Reference 
-1 
em 
964 [87] 
909 (?) [88,27] 
905 [91] 
898 [175 '176} 
898 [89] 
881 [132] 
875 [21] 
875,865 [179 ,180] 
875 [21] 
875,865 [179 ,180] 
865 [21] 
862 [i71] 
856 [94, 172] 
843 cc·~) [93,80] 
832 [177' 178] 
830 [173,174] 
808 [106' 168] 
793 (N03 ) [90 ,168] 
1128 [126 (b) ,no] 
1122 [73' 169] 0\ 
[78,338] 
tN 
1138 
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systems purported to coordinate dioxygen reversibly 
() ~\ tk c,\-~ t."'-
actually undergo complicated ligandAreduction 
. 131 
react1ons ·. 
Recently a high-spin cobalt(II) dioxygen adduct~ 
[Co (pfp) (I-Ipfp) o2]- (pfp = perfluoropinacolato dianion), was 
reported. It was suggested that dioxygen was "attached 
to the metal by TI-bonding" 133 . This high-spin species 
may represent an intermediate in the formation of an end-on 
bonded dioxygen complex. Definitive structural character-
isation of this complex is awaited. 
A paramagnetic iron-porphyrin dioxygen derivative 
138 has been reported , but its paramagnetism is due to 
. 1 . f h l"d d137 1ncomp ete oxygenat1on o t e so 1 compoun . 
Influence of Other Liga~ds ~h the ~e~metry of Dioxygen 
Coordination 
Cobalt is unique among transition metals in form.ing 
low-spin dioxygen complexes not only of the end-on angular 
type but also of the side-on triangular geometry. The 
dioxygen 
has type 
+ 
adduct of the cobalt(!) complex [Co(Ph 2 PCI-I=CI-IPPh 2) 2] 
(f) M~b geometry88 . If the coordinated dioxygen 
molecule is regarded as a bidentate peroxo ligand (of 
unspecified hybridisation), then,in the dioxygen adduct,the 
cobalt centre not only possesses ~ formally desirable low-
. C I I 1d 6 f. . b 1 .th . 1 t sp1n o. con 1gurat1on ut a so e approx1mate y oc a-
hedral coordination typical of other cobalt~rn complexes. 
"Soft" polarisable or TI-acceptor ligands>such as phosphine, 
arsine, carbon monoxide and cyanide)feature as the supporting 
ligands. The role that this type of ligand plays in 
65. 
encouraging triangular coordination of dioxygen is under-
lined in the reaction of dioxygen with the five-coordinate 
cobalt(II) complex [co 11 (CN) 2 (PPhMe 2) 3]. The dioxygen /0 0-Co 
adduct crystallised did not have end-on Co-O or Co-O/ 
geometry, as might be expected by analogy with Qther five-
coordinate cobalt(II) 
0 
r r 2+ . 
species such as Co (NH3) 5 , but 1t had 
triangular co(6 geometry in a dinuclear formally cobalt(III) 
I 
. 132 
spec1es 
p 
c 
\ p N 
Figure 2.8: Stereochemistry of the dioxygen adduct of Coii(CN)
2
(PPhMe
2
)
3 
II · Replacement of the phosphine ligands of Co (CN) 2-
(PPhMe 2) 3 by weaker 1r-acceptor and "harder" cyano ligands 
perturbs the cobalt centre so that reaction of Co 11 (CN)~-
0 
with dioxygen gives firstly a mononuclear superoxo Co-O/ 
species which under suitable conditions reacts to give the 
/0-Co 
more stable dinuclear ~-peroxo Co-O spec1es. Schiff-
base ammine and amine cob~lt(II) complexes also give end-on 
dioxygen adducts. 
0 
Stabilisation of mononuclear end-on M-0/ adducts 
over the dinuclear species may be enhanced by several factors. 
Firstly, and obviously,formation of a dinuclear adduct may 
be hindered or even prevented by steric factors; a cobalt-
0 
cobalt separation of ~4.7 A must be attainable without 
unnaturally close ligand-ligand contacts if dioxygen is 
to bridge the two cobalt centres. Secondly, low temper-
atures enhance the stability of mononuclear adducts; or, 
more correctly, the reactivity of mononuclear adducts is 
-decreased. Thirdly, aprotic solvents less polar than 
water discourage the aggregation of ionic species such as 
[(CN) 5coo 2]
3
- into more highly charged ions. These 
factors are particularly important for iron porphyrin 
dioxygen adducts (Chapter 4) , which in the absence of 
66. 
steric hindrance, or low temperatures and aprotic solvents 
are readily and irreversibly oxidised to a ~-oxo species:-
A fourth factor which has more to do with the 
intrinsic nature of the ligand, rather than the environ-
mental factors.just mentioned, is that "hard" ligand systems, 
such as saturated amines, enhance formation of the dinuclear 
~-peroxo species. The Schiff-base ligand which has TI-
acceptor/donor capability generally forms mononuclear cobalt 
0-M 
dioxygen adducts. Dinuclear M-0/ cobalt Schiff-base 
complexes are character~sed by an unusually short r(0-0) 
(§2.2.3). More marked tendencies towards the formation of 
mononuclear dioxygen adducts are observed for cobalt por-
phyrins. 
It is not easy.to rationalise the observations that 
1. "hard" strong cr-donor ligands such as saturated amine 
0-M 
lead to ~-peroxo M-o/ dioxygen adducts, 
2. cr-donor ligands with TI-acceptor/donor capabilities 
67. 
0 
lead to superoxo M-0/ dioxygen adducts, and 
3. weak a-donor, good n-acceptor ligands such as carbon 
0 
monoxide and phosphines lead to side-on peroxo M:b dioxygen 
adducts. The explanation that follows is not entirely 
satisfactory, but it is essentially an attempt to answer 
the question that :ts begged in the statement that "soft" 
ligands encourage coordination of dioxygen in a "soft"(?) 
manner." 
By comparison with weak a-donor good n-acceptor 
ligands, ligands which are strong a donors but poor n 
acceptors will facilitate the transfer of electron density 
from the metal onto dioxygen. Equivalently expressed,a 
less polar metal-dioxygen linkage is to be expected if the 
supporting ligands are discouraging electron transfer from 
the metal onto dioxygen. While there is evidence for the 
formulation of side-on dioxygen-cobalt complexes as cobalt(III)-
peroxo species 
. 0 
C
.III/12-
o "-o 
(see below), there is also evidence, at least for platinum-
metal complexes,which coordinate both dioxygen and ethylene, 
0 
that the M/1 
'-0 linkage is non-polar (§2.2.3). Evidence for 
a polar 
0-M 
M-0/ linkage is adduced from the dioxygen-
water hydrogen bonds invariably associated with the crystal 
structures of these .species. In addition, sp 3-hybridised 
oxygen atoms are expected for a free peroxide ion from 
election-pair repulsion considerations; the peroxo complexes 
0-M 0 
of the M-0/ type have M-0/ angles closer to the 108°' 
expected for sp 3 -hybridised oxygen atoms than to the 120° 
expected for sp 2-hybridised oxygen atoms (and observed for 
68. 
the superoxo complexes) (Table 2.2). Thus for these peroxo 
complexes, coordination of a "hard" a-donor peroxide anion 
. I I I 2- C I I I · · · l · d b d · to g1ve a Co --0 2- o spec1es 1s 1mp 1e ; a n- on 1ng 
component appears to be negligible, 
Table 2.4 lists r(0-0) and v(0-0) for the more 
precisely and, hopefully, more accurately determined cobalt-
peroxo structures. The 0-0 separation.appears to be margin-
,....0 
ally shorter and v(0-0) somewhat higher for the side-on M I 
-.....o 
/0-M 
type than for the end-on M-0 type. Furthermore, for 
both types r(Co-0) is essentially identical; thus for the 
triangular species, but obviously not for the end-on species, 
0 
this places the dioxygen n-electron density only ~1.75 A from 
the cobalt centre. Again, this may indicate greater covalency 
0 0~ 
in the co:::l, linkage than in the Co-O/ linkage. That for 
a side-on geometry r(0-0) is lengthened by both a and n con-
tributions complicates interpretation of differences in r(O~O) 
and v(0-0) between the two types. 
On the other hand, the electronic spectra of 
0 + [Cdiars) 2c~] and the bonafide cobalt(III) complex 
[(diars) 2Co(OH 2) 2]
3
+ are quite similar; a polarised species 
III/?2-Co -....._ 0 
. f d82 was 1n erre . But, in the absence of spectra for a six-
coordinate cobalt(I) complex, the possibility remains that 
the similarity is due to intrinsic geometrical factors 
rather than to a major electronic reorganisation of a 
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Table 2.4 r(0-0) and V(0-0) for selected cobalt dioxygen complexes.a 
Compound r(0-0) 
R 
[(NH3) 5Co(02)Co(NH3) 5] (so4) 2 ·4H20 1. 473 (10) 
[(NH3) 5co (o2)co(NH3) 5] (SCN) 4 1.469(6) 
[<en) (dien)Co(o2) (en) (dien)] (ClO) 4 1.488(6) 
1.420{10) 
a See Table 2.2 for more extensive compilation~. 
b Expected to be in the range 800-808 cm-l [168]. 
v(o-o) 
-1 
em 
808 
·b 
b 
881 
905 
Reference 
[lo6, 168] 
[74] 
[107] 
[132, 132] 
[.88,27] 
cobalt(!) species consequent to the coordination of 
dioxygen. Moreover, ~he extent of electron transfer 
from cobalt onto dioxygen needed to change a cobalt(!) 
spectrum to a cobalt(III) type is unknown. 
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Thus, formation of a non-polar metal-dioxygen bond 
with o+n contributions is favoured by a side-on geometry. 
A : polarised metal dioxygen linkage where the coordinated 
dioxygen has the hallmarks of an sp 3-hybridised peroxo 
species is favoured by end-on coordination; an sp 3-hybrid-
ised peroxide ion has no n-bonding capability and the 
peroxide ion can function only as a o-donor ligand. 
Metal and Other Influences on the Geometry of Dioxygen 
Coordination 
Dioxygen adducts are known for porphyrin complexes 
of the following divalent transition metals, cobalt(II)3d7 
iron(II)3d6 , manganese(II)3d 5 , chromium(II)3d4 , titanium-
(II)3d2, and molybdenum(II)4d4 . 
The iron-dioxygen adducts11 and cobalt-dioxygen 
adducts (by analogy with Schiff-base systems63 , 123 - 12 ~ are 
observed to coordinate dioxygen in an end-on bent bond mode. 
A similar geometry has been deduced for the chromium-dioxygen 
adduct134 . These complexes are best regarded as superoxo 
species. As such the metal has acquired a formal +III 
valence state and d6 configuration for cobalt, d 5 for iron 
and d3 for chromium - the valence states and configurations that 
are generally regarded as the most desirable for th~se 
elements. Moreover, the ease of one-electron oxidation134(b) 
for M11(TPP) (2-Me-imid) species,cr 11 >Fe 11 >Co 11,parallels 
their affinity for dioxygen; the chromium complex binds 
134 
dioxygen irreversibly and dioxygen binds more readily to 
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13T · iron than to cobalt . These complexes and other reason-
ably stable end-on superoxo-type complexes are six-coordin-
ate and have a strong cr-donor ligand such as pyridine or 
imidazole trans to dioxygen (excepting [Co(CN) 5o2]
3
-). 
\\ 0 
Five-coordinate Co-O/ species are known through ESR spect-
/1 62 (a) 121 . 
roscopy but their stability is low ' , and, 1nterest-
ingly, a Co(TPP) (CO) (0 2) complex with a similar low stability 
has also been detected - the carbon monoxide molecule 
bl f . . . 1 d 121 presuma y unct1on1ng ent1re y as a cr onor . 
On the other hand,by coordinating dioxygen in a 
side-on peroxo mode,Mn11 (TPP) formally achieves a desirable 
d3 (M. rv)· f. . 98' 99 A ·. 1 bd h . n con 1gurat1on . mo y enum porp yr1n. 
(molybdenum is a member of the chromium group) by coordin-
ating two molecules of dioxygen achieves a formal d0 (M~VI) 
valence state 87 . Similarly the dioxygen adduct of a 
titanium(II) porphyrin acquires a formal d0 (Ti 1V) state89. 
A similar trend for the metal centre to ·coordinate 
dioxygen in a manner that allows it to achieve a more usual 
or stable oxidation state is also observed for dioxygen 
10 . 
adducts of d metal complexes. The few dioxygen adducts 
known are approximately square-planar ifthe triangularly 
coordinated dioxygen ligand is regarded as bidentate peroxo 
ligand173 , 175 Thus, the metal centre acquires a d8 
configuration; square-planar coordination is typic~l of d8 
I 
species. 
7 2. 
Conclusion 
Naive crysta:lield considerations pre*di5-
0
t that 
for octahedral - 9-·"'J , quasi -octahedral . , ~ ()-0 
or quasi- square pyramidal A geometries (in this 
case treating dioxygen regardless of its coordination mode 
as a single ligand) the following d-orbital splitting occurs 
d 2 ·2 
X -y 
d 1 
z: 
d 
xy 
d 
xz,yz 
degenerate for pure octahedral symmetry 
degenerate for pure octahedral symmetry 
Thus, spin-paired-d6 , or d3 configurations are favoured. 
For a square-planar geometry the dz2 orbital is stabilised 
with respect to d 2 2. Thus a d 8 configuration is favoured. 
x-y 
The coordination of dioxygen to metals appears such that 
the dioxygen ligand lS formally reduced by one or two elect-
rons (with concomitant and equivalent oxidation of the metal) 
so that the metal centre requires one of these stable con-
figurations. 
,...o 
For a glven metal 1 side-on M,b coordination of dioxygen 
is encouraged by "soft" 1r-acceptor ligands; end-on coordin-
/0 /0-M 
ation M-0 or M-0 is encouraged, particularly the 
bridging geometry, by hard a-donor ligands. 
13 The valence state approach sketched by Vaska , with 
its oxidised metal-reduced molecular oxygen formalism, if 
not ~lways accurately representing the electronic states of 
the metal and dioxygen ligand,certainly categorises all 
dioxygen complexes in an illuminating fashion. 
The success of this approach is one factor which promotes 
confidence in deductions made from limited data about the 
mode of dioxygen coordination in biological systems. 
2.3 Oxygen-Binding Proteins. Use of Model Compounds. 
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It is well-known that dioxygen binds to the metal atom 
of oxygen-binding metalloproteins. Thus simple model systems 
will assist in understanding the stereochemistry of the 
oxygen-binding site and the geometry of dioxygen coordination 
in such metalloproteins. In this section,characterisation 
of the binding site that has been achieved by the low-resol-
ution X-ray crystal structure analyses of examples of these 
proteins and by comparison of v(0-0) for dioxygenated metallo-
proteins with v(0-0) for complexes of known stereo-chemistry 
is described. At a more sophisticated level, model complexes 
with a metal centre and ligature that approximate the active 
site of the protein may be constructed. The primary problem 
of such model studies is to incorporate aspects of protein 
function into the ligand system. 
Two classes of oxygen-binding proteins are recognised. 
Firstly, there are the oxygen transport and storage proteins 
whose sole role is to bind dioxygen reversibly 
protein-M + o2 ~ protein-M-0 2 . 
It 1s interesting to note that aerobically respiring organisms 
have elaborate defence mechanisms to counter the presumably 
d 1 . ff f h 'd . . d' 1139 ' e eter1ous e ects o t e superox1 e an1on ra 1ca . 
example, in oxyhaemoglobin the coordinated dioxygen is 
susceptible to nucleophilic displacement by anions (X~ to· 
give the superoxide ion and met-Feiii_haemoglobin which is 
. 140-142 inactive to d1oxygen . 
Hb0 2 + X met-HbX + o2 
For 
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The dismutation of the superoxide anion to hydrogen peroxide 
is catalysed by the copper-containing enzyme superoxide dismut-
139 
ase and the dismutation of hydrogen peroxide to water by 
h · · 1 1 A h anot er copper-conta1n1ng enzyme cata ase . not er enzyme 
met-haemoglobin reductase 1 exists to return met-haemoglobin to 
oxygen-active Fe 11 -haemoglobin. The enzymes coexist with 
haemoglobin in the erythrocytes or red blood cells. 
Secondly,there are metalloproteinswhich bind dioxygen 
for subsequent activation and utilisation as part of some 
catalytic cycle. In both classes an iron or copper atom lS 
present at the active site. 
To the Dninitiated the naming of the oxygen-transport 
and -storage proteins is confusing. Haemoglobin, haemocyanin 
and haemerythrin are oxygen transport proteins; the prefix 
"haem" is derived from the Greek word ''haima" for blood. 
However haemerythrin and haemocyanin are non-haem proteins; in 
particular haemerythrin is a non- haem iron- containing protein. 
Non-haem refers to the absence of an iron-porphyrin or haem 
as the prosthetic group. Hence, for example, haemoglobin which 
contains an iron-porphyrin complex as the prosthetic group is 
an haemoprotein; haemocyanin and haemerythrin are not. Oxygen-
' 
carrying proteins are generally composed of subunits each of 
which bind one molecule of dioxygen. Monomeric molecules 
similar to isolated subunits may be found in cell tissue where 
they store oxygen. Such species as often prefixed "myo" as 
in myoglobin.and myohaemerythrin from the Greek root "muos" for 
muscle. Finally; haemoglobin which is composed of four myo-
globin-like subunits is usually and loosely referred to as a. 
tetrameric molecule. 
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2.3.1 Oxygen Transport/Storag~ Proteins 
These proteins which are responsible for the transport 
of molecular oxygen to respiring cells or for the storage of 
dioxygen in regions of high oxygen demand such as muscle 
tissue may be divided into two subclasses - the haemocyanins 
and haemerythrins, and the haemoglobins which are, respectively, 
dinuclear and mononuclear with respect to the metal-to-dioxygen 
binding ratio. 
Haemocyanin, Haemerythrin 
This first subclass contains those proteins where the 
prosthetic group comprises only the metal ion. Various amino 
acid residues provide the supporting ligands for the active site. 
Haemocyanin is a copper-containing oxygen-carrying molecule 
found in certain molluscs and arthropods. In its oxygenated 
state it has a blue colour characteristic of copper(II). The 
active site is believed to be a dinuclear copper complex. 
In probing the structure of its active site, resonan~e 
Raman spectroscopy has proved to be a valuable technique. 
The intensities of vibrations associated with a metal-ligand 
moiety can be selectively and greatly enhanced with respect to 
other vibrations by using some frequency within a metal-ligand 
electronic absorption band as the Raman excitation frequency. 
Using this technique, with the exciting frequency in the 570 nm 
·band, v(0-0) was found to be 742 cm- 1 . A typical non-planar 
O-Cu11 143 ~-peroxo Curr_ 0/2- spec1es was inferred and confirmed 
in very recent resonance Raman studies on oxyhaemocyanin 
. 18 16 
which, us1ng the 0- 0 isotope, showed the oxygen atoms. 
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b . 1 302 to e equlva ent The value of v(0-0) is the lowest 
observed for any peroxo-complex. 
Haemerythrins are a non-haem, iron-containing oxygen 
carrier found in a number of invertebrate phyni 44 . Again 
oxygen binds to the metal in a 2:1 ratio. The v(0-0) 
frequency was observed at 844 cm-l 145 This observation 
together with a close similarity of the optical spectra for 
met-Feiii_haemerythrin and oxy-haemerythrin support a peroxo-
III 2- III . 145 Fe -0 2 Fe formulatlon . Furthe~more, the crystal 
0 
structure of an octameric haemerythrin at 2.8 A resolution 
reveals that the coordination geometry about pairs of iron 
atoms is trigonal antiprismatic; the antiprisms have one face 
in common (Figure 2.9 (a))! 46 . 
(a) 
. . 0 
/ Fe--- Fe-0 
Figure 2.9: Coordination geometry of the iron centres .in haemerythrin. 
However, in a contemporaneous study on . myohaemerythrin 
0 
(a monomeric haemerythrin) at 5.5 A resolution a different 
cooidination geometry was propose;47. Recently,it was 
reported (result quoted in reference [30~)that for pairs of 
iron atoms in haemerythrin the Fe-Fe separation was less than 
0 
3.0 A. Moreover resonance Raman spectroscopy using the 
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18 16 . 0- 0 1sotope show~d the oxygen atoms in oxyhaemerythrin 
b . . 1 303 ( f h . ) to e 1nequ1va ent c .. oxy aemocyan1n . 
} ' 
Thus 
unsymmetrical peroxo species were inferred (Figure 2. g:. (b)) . 
The bridging peroxo geometry is not unrelated to the cobalt(III)-
262 hydroperoxy complex -
0-H 
I 
. III,.....-0'-... III (en) Co -........._ Co (en) ' 
2· N·/ 2 
i! 2 
The weak correlation between v(0-0) and·r(0-0) (Figure 2.1(c) 
and Table 2.3) renders presumptuous any prediction of a longer 
0-0 separation for oxyhaemocyanin compared to oxyhaemerythrin 
that is made on the basis of their different values for v(0-0). 
Haemoglobin 
The second subclass are oxygen transport and storage 
haemoproteins often referred to as the haemoglobins after the 
best known example. This subclass 1s more pertinent to this 
thesis. 
The prosthetic group is an 1ron porphyrin, in most 
cases protoporphyrin-IX, commonly called the protohaem or haem 
group ~H~n it is E6ordinated to iron (Figure 2.10). 
HOOC 
Figure 2.10: Protohaem (Iron 
protoporphyrin-IX) . 
The haem group is attached to the protein chain 
by axial ligation of the imidazole group of an histidine 
residue. This is commonly called the proximal histidine 
as opposed to the distal histidine which hovers above the 
dioxygen binding site on the other side of the haem. 
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The haem group is oriented in the binding pocket by a host of 
van der Waals interactions. X-ray crystal structure analyses 
of various haemoproteins have shown that the haem group 
largely resides in a cleft in the protein and does not lie 
on the protein surface (for example. refs.[l48 -151, 167]). One 
molecule of oxygen may bind to each iron atom. As well as 
providing a fifth ligand, the protein has other essential 
functions such as protecting the haem centre from oxidation 
and consequent inactivation towards dioxygen, and modulating 
the absolute and relative affinity of the metal centre for 
dioxygen and competitor ligands such as carbon monoxide. 
The iron atom of the prosthetic group may be replaced 
by cobalt to give cobalt-substituted haemoglobins, popularly 
known as coboglobins. These species also bind dioxygen 
reversibly161 , 162 . Thus, cobalt-dioxygen complexes are 
relevant as models for oxygen-binding haemoproteins. 
The simplest of the haemoglobins are the monomeric 
myoglobins (1Fe:lmolecule:l0 2) which are primarily used to 
store oxygen in muscle tissue. Alteration of certain amino 
acids permits the formation of oligomers from myoglobin-like 
subunits. The best known of these is the tetrameric haemo-
globin molecule. The association of myoglobin-like subunits 
into haemoglobin confers special physiologically desirable 
properties on the tetramer. Haemoglobin is able to bind. 
dioxygen cooperatively. That is, in its unliganded 
(unoxygenated) state haemoglobin has a lowered affinity 
for dioxygen compared to a protein-free iron-porphyrin-
imidazole species135 Oxygen affinity increases as the 
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degree of dioxygen ligation increases so that fully liganded 
oxyhaemoglobin has a dissociation constant for the first 
molecule of oxygen only slightly '3.-.. cx~t~r than that for myoglobin152 . 
Models for the cooperative binding of dioxygen which 
explain the macroscopic thermodynamic data have been 
proposed153 , 154 . Perutz's stereochemical model provid~the 
most detailed molecular description of cooperativity155 - 159 
In Chapter 5 implications of the structures of several model 
compounds for the prosthetic group (Chapters 3 and 4) on 
Petutz's model are discussed. Cobalt-substituted haemo-
globins, mentioned earlier, also bind dioxygen in a cooper-
ative manner 161 , 351 . 
Th~ haemoglobins occur in all vertebrates as well as 
in some non-vertebrates 
\\\'l.j •:~.-e · 
butAsometimes disguised under other 
names for non-mammalian phylla. Erythrocruorins which may 
have up to 400 protohaem groups per molecule are found in 
invertebrates such as annelid worms and insects 1 . Monomeric 
1 b . l .. k d . 151 myog o 1n- 1 e monomers o ex1st . A small number of 
species (e.g. annelid worms such as Spirographis) utilise 
chlorocruorohaem instead of protohaem (iron protoporphyrin~X) 
h . h . 1 as t e1r prost et1c group . Chlorocruorohaem is only a 
minor variant of protoporphyrini:X (protohaem); a -CH=CH 2 
group at position 2 is replaced not, as might be expected 
from its name, by chlorine but by a formyl group, -CHO. 
The prefix "chloro" derives from the Greek root chloros for 
green. Accordingly, in contrast to the reddish-purple 
colour of other haemoglobins, including erythrocruorins, 
1 chlorocruorin (as it is called) has a green colour . 
Apparently-minor changes in porphyrin substituents signif-
icantly perturb the electronic structure of the porphinato 
iron complex. 
An ubiquitous feature of all haemoglobins is axial 
ligation of an histidine residue, except in mutants whose 
owners usually fare poorly because dioxygen binding is 
non-cooperative. Haemoglobins are not confined to the 
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animal kingdon; they are also found in the root nodules of 
legumes 167' 293. The geometry of the iron-dioxygen linkage has 
long been a source of speculation. 
Pauling originally proposed a linear F~~cr~o covalent 
6 .. o d 68 . ff. h 7 d b Fe'·-·o·/' mo el . Gr1 1 t structure , an later a ent 
0 69 proposed a n-bonded triangular Fe~ model and Weiss an 
iron(III)-superoxide Fe(III)-o; mode.l 70 . The final possibil-
. IV 2-
ity was proposed by Gray and Mingos - a side-on Fe ~o 2 
species 71 , 301 . Resolution of the geometry of the iron-· 
dioxygen linkage has only recently been achieved; the descript-
ion of the electronic nature of the linkage is still a matter 
of controversy. The crystal structure of an iron-porphyrin 
dioxygen complex Fe (TpivPP) (1-Me- imid) (0 2) (reference [1~ and 
Chapter 4) revealed end.on bent-bond geometry. Caughey and 
coworkers contemporaneously measured v(0-0) and f6und the 
b ( 11 0 7 - 1 f h 1 b · 16 3 and 11 0 3 em - 1 ' wavenum er em or oxy aemog o 1n 
.f . 1 b' 164 ) t b t . 1 f . or oxymyog o 1n : o e yp1ca o. a superoxo spec1es. 
Using Caughey's difference infrared technique (18o 2 minus 
16
o 2) Collman and coworkers subsequently found v(0-0) to be 
1 17 1159 em- for the model iron-dioxygen complex 
. 14 
The previously reported values were artefactual. 
Values have also been 6btained for the cobalt analogues-
-1 
. 1105 em for cobaltdeuteroporphyti~IX-substituted 
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haemoglobin165 and 1150 cm- 1 for Co(TpivPP)(1-Me-imid) (0 2)
17
. 
See Table 2.1 for comparison with other metal-dioxygen 
complexes. Conceptual difficulties that may exist for an 
II I - . Fe -0 2 representat1on of an essentially diamagnetic 
complex are discussed later. 
Substituent effects and axial ligation endow haemo-
proteins with roles other than oxygen cartage or storage. 
2.3.2 Oxygen-Utilising Proteins or Enzymes 
A vast number of iron-and copper-containing proteins 
which coordinate and activate dioxygen for subsequent use 
in catalytic hydroxylation are known. There are two kinds, 
which are classified according to how molecular oxygen is 
incorporated into the substrate1 :-
DH 180 oxygenase 2 + 2 
and 
Knowledge and understanding of their structure and 
function at the molecular level is in many cases limited 
because·the proteins are bound to cell membranes. However, 
cytochrome P450 hydroxylases are better characterised than 
most. Various stages in the catalytic cycle of the soluble 
cytochrome P450 camphor hydroxylase (P450cam) have been 
identified2 .. CytochromffiP450 have a protohaem prosthetic 
group. However, highly distinctive electronic and magnetic 
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circular dichroism.spectra of certain stages of the 
catalytic cycle indicatesnaxialligation which is quite 
different from that 6bserved for the oxygen-carrying haemo-
proteins. In the absence of X-ray crystal structure 
analyses for these proteins,model compounds have been exten-
sively used to probe the nature of axial ligation. The 
catalytic cycle deduced for cytochrome P450 and the 
cam 
inorganic models for its intermediates will be described 
in Chapter 4 when the structure of a possible model compound 
for the oxygenated intermediate 1s described. 
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CHAPTER 3 
SCHIFF-BASE COMPLEXES 
A Schiff base comprises the conjugated system:-
R 
R 
In its deprotonated anionic form it has been extensively 
studied as a bidentate chelate to transition metals, espec-
ially cobalt. A number of comprehensive reviews have been 
publishedlSl,lSZ,lS 3 , 185 . The two parent Schiff bases, 
from which are derived most of the 6thers used as chelating 
agents, are the quadridentate bridged species,N,N'-ethylene-
bis(acetylacetonimine (H 2acacen) and N,N'-ethylenebis(sali-
cylidenimine) (H 2salen) shown in Figure 3.1 in their depro-
tonated dianionic chelating forms. 
acacen 
r\ N 
a~ 
(b) R == H sa len 
= OCH 3-MeOsalen 3 
Figure 3.1: Commonly used Schiff bases. 
The equivalent names bis(acetylacetone)ethylenediimine 
(for H2acacen) and bis(salicylaldehyde)ethylenediimine 
(for H2salen) are sometimes used
183
. 
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There aTe several notable features pertaining to the 
structure analyses of "salen" complexes regardless of the 
relative orientation which the two salicylideniminato resid-
ues adopt as a result of coordination to some metal. 
Firstly, each salicylideniminato residue remains approximately 
planar. Secondly, statistically insignificant differences 
are generally observed between bond distances and angles of 
the two residues which are formally chemically equivalent. 
Metal-ligand (Schiff base) separations are rather dependent 
on the metal, its spin state and the presence of other 
ligands. 
The ability of cobalt(II) Schiff-base complexes to 
b . d d . h b k f t . 5 5 ' 56 ' 18 4 Th 1n 1oxygen as een nown or some 1me . e 
ability of the cobalt(III) species to coordinate carbanions 
is also well known183 . Mononuclear dioxygen adducts of 
cobalt(II) complexes featuring aromatic quadridentate ligand 
systems such as Schiff bases are models for the oxygen-binding 
haem component of at least cobalt-substituted haemoglobin and 
myoglobin if not also of haemoglobin and myoglobin themselves. 
"Carbanion complexes are models for the vitamin B12 (cobalamin) 
group of complexes (Figure 4.4) which, in their metabolically 
· f. f C III C- b .dl;l86,187 Th act1ve orm, eature a o - cr on , . ese 
complexes are not unrelated to cobalt-dioxygen species which 
III -
may be formula ted as Co -02. 
In this Chapter the structures of two Schiff-base 
complexes of the "salen" type are reported. The first 
complex a,a'-{2-(21-pyridyl)ethyl}ethylenebis(salicyliden-
iminato)iron(II), Fe(salen~c 2H4 -py), features a 2-ethyl-
pyridyl appendage to the ethylene bridge of the parent 
Schiff base. Coordination of the pyridyl group is accom-
panied by considerable distortion of the quadiidentate 
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Schiff base. The geometry of this complex will be compared 
in some detail with its cobalt analogue. [Co(salen-C 2H4-py)], 
c 2H50H whose structure has been reported briefly
9
,lO,lSS, 
but not discussed in any depth. For this and other reasons 
the structures of other five-coordinate cobalt(II) Schiff-
base complexes will be alluded to. 
The cobalt complex, unlike its iron analogue, forms 
an isolable mononuclear dioxygen adduct. On oxygenation 
the two salicylideniminato residues adopt the more familiar 
approximately coplanar conformation. This dioxygen addutt 
is compared with other mononuclear cobalt-dioxygen species. 
The stereochemical changes occurring on oxygenation will 
also be discussed in this Chapter, but some biological impli-
cations on models for cooperative binding of dioxygen in 
haemoglobin and cobalt-substituted haemoglobin will be left 
to a later chapter (Chapter 5). EVidence for .and against 
the formulation of cobalt-dioxygen complexes as cobalt(III)-
coordinated superoxide species (Co 111-oz) will be assessed 
in §3.2. 
3.1 The Crystal and Molecular Structure of a,a'-
{2-(2'-pyridyl)ethyl}ethylenebis(salicylidenim-
inato)iron(II), Fe(salen-CJH4-py). 
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In this subsection the crystal and molecular structure 
of the above-named compound is described and compared with 
its cobalt analogue and other related complexes. Because of 
their distinctive stereochemistry, the coordination geometry 
will be examined in some detail with reference to square-
pyramidal and trigonal-bipyramidal species in §3.1.4. 
3.1.1 Introduction 
The structuresof five-coordinate iron(II) and cobalt(II) 
complexes are of interest with regard to changes in geometry 
that occur on formation of a dioxygen adduct. These changes 
are of significance in attempting to understand the mechanism 
by which haemoglobin and cobalt-substituted haemoglobin 
achieve cooperative binding of dioxygen and of other small 
molecules such as carbon monoxide, nitric oxide and ethyl-
isocyanide. Five-coordinate complexes of iron(II) and 
cobalt(II) have been reviewed although their spectral and 
magnetic properties were the main concern of that review189 . 
Crystal structures of five-coordinate iron(II) and 
cobalt(II) complexes with a dianianic quadridentate ligand 
capable of assuming an essentially square-planar geometry 
(such as a porphyrin·or Schiff base) and with an aromatic 
nitrogen heterocycle (such as imidazole or pyridine) are 
comparatively rare. In their crystal structures the 
tetraphenylporphinato complexes Fe(TPP) (2-Me-imid) 190 , 
. Co(OEP) (1-Me-imid) 192 , Co(TPP)(l-Me-imid) 193 , Co(TPP)-
(1,2-Me2-imid)194, and Co(TPP) (3,S-lut) 195 are all square-
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pyramidal; the iron complex is high-spin (S=2), the cobalt 
complexes are low-spin(S=~). The low-spin complex 
196 Co(salen) (py) and the high-spin (S=3/2) complex Co(3-Me0-
salen) (OH 2)
197 
which feature a more flexible Schiff- base 
ligand system also exhibit square-pyramidal geometry in the 
crystalline state. On the other hand Co(3-Fsaltmen) (1-Bz-imid) 
h d . d . 1 b. . d 1 198 as a 1storte tr1gona - 1pyram1 a geometry similarly 
for Co(salen-C 2H4-py)
9
'
188 
which is high-spin199 . The 
complex Co(salbnffi)(py))curiously, crystallises with two 
independent molecules in the asymmetric unit such that one 
molecule has square-pyramidal geometry and the other is 
considerably distorted towards trigonal-bipyramidal geometry 200 . 
The four-coordinate parent,Co(salen)~has a tendency to crystall-
ise as a low-spin oxygen-inactive dimer [Co(salen)] 2 of 
square-pyramidal structure2 9 1 , 2 0 2 :~ 
1\ 
C ~ ...................... "' ! ............... ( __-.... . o........._ .·· o_,c.. .o J 
The sulphur-a.nalague [co (Ssalen)] 2 is a similarly 203 . 
constructed dimer . 
Thus,while a number of five-coordinate cobalt(II) 
Schiff-base and porphyrin.complexes with aromatic nitrogen 
axial ligation are structurally characterised,only the one 
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such iron(II) species has been reported, Structures of 
metal complexes with a pentadentate ligand system are rare 
irrespective of the metal. Five-coordinate iron(II) and 
cobalt(II) complexes with a quadridentate ligand system 
but with the fifth ligand being riitric oxide (NO) or carbon 
"v'monox1"de (CO) k · 204 , 205 , 206 but t t are nown are no germane o 
this chapter. 
Thus the structure of the iron(II) complex of the 
pentadentate ligand,a,aL{2-(2'-pyridyl)ethyl}ethylenebis-
salicylidenimine), is of interest. 
3.1.2 Collection and Reduction of Intensity Data 
The preparation, preliminary crystallographic char-
acterisation and collection of data for Fe(salen-C 2H4 -py) 
were performed by Dr. Ward T. Robinson at Stanford University. 
Symmetry and systematic absences uniquely consistent with 
the monoclinic space group P2 1/c (No.14)
207 
were established 
by precession photography using Cu Ka X-radiation. A bright 
red plate-like crystal of maximum dimension 0.18 mm and 0.06 mm 
thick was chosen for data collection upon a Syntex P2 1 four-
circle automatic diffractometer using graphite monochromatised 
0 
Cu Ka (A= 1.5418 A) radiation. Cell dimensions -
a= 10.572(2), 
b = 11.465(2), 
0 
c = 16.640(3) A 
f3 = 90.52(1) 0 
and crystal orientation at 20°C were obtained by least-squares 
refinement of the setting ~ngles of 10 accurately centred · 
89. 
reflections. For the empirical formula Fec 23H21 N3o2 
(formula weight 427.3), the calculated and observed 
(obtained by flotation) densities for four formula units 
per unit cell (Z=4) were 1.41 and 1.40(1), respectively. 
Data were collected by the conventional e/Ze scan technique 
but the variable scan width, scan tim~ and background time 
used were based on a preliminary scan through each reflection. 
Excluding systematic absences 2106 unique reflections were 
collected to a Bragg angle Zemax of 50.0° (i.e. to ,si.ne/:\ = 
0.50). The. 1118 reflections having I>3a 1 were used in the 
determination and refinement of the structure. The coeffic-
ient for linear absorption,P, was 63.1 cm- 1 ; and transmission 
coefficients ranged from ~0.55 to ~0.70. Although the 
absorption correction is therefore significant, it was not 
possible to correct the data for absorption effects. 
Details on relevant crystallographic theory, defin-
ition of symbols, data reduction and computing aspects are 
provided in Appendix 1. 
3.1.3 Solution and Refinement of the Structure. 
Two possible positions for the iron atom were deduced 
from the Patterson synthesis. Least-squares refinements 
failed to discriminate between the two possibilities; both 
refinements led to a discouraging agreement factor, R ~ 0.56. 
Direct ~ethods were tried using symbolic addition procedures. 
Phases were obtained for 428 out of the 464.E-values having 
E ~ 1.30. Due to a program bug the E-map calculated had 
E-values all assigned ideritical magnitude. Perhaps surp~is­
ingly the E-map was still interpretable, although it 
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had to be contoured onto glass plates s1nce the solution 
was not obvious fro~ inspection of peak lists and interpeak 
distances and angles. One peak stood out above all others 
and its coordinates were consistent with those for one of 
the possible solutions. of the Patterson synthesis for the 
unique iron atom position. Possible coordinates for the 
two salicylideniminato residues were extracted and the 
orientation of the pyridyl group estimated. The trial model 
comprised an iron and two rtitrogen atoms with individual 
isotropic temperature factors, and three rigid groups each 
with a single isotropic temperature factor for the salicyli-
deniminato residues (excepting the imine nitrogen atoms) and 
the pyridyl ring. The following dimensions were assumed for 
0 0 
the rigid groups:- r(C-C) = 1.39 A, r(N-C) = 1.39 A, r(C-0) = 
0 0 
0 1.32 A, r(C-CC=N) = 1.48 A, and L(XYZ) = 120 . Four cycles 
of least-squares refinement of positional and thermal para-
meters together with an overall scale factor led to the 
following discrepancy indices:-
R = 0. 26 , R = 0.34 . 
w 
That the pyridyl group had been misplaced was obvious from 
the refinement. However)in the subsequent difference 
Fourier synthesis the pyridyl ring and the remaining carbon 
atoms were located in chemically reasonable positions. The 
pyridyl ring (a rigid group as before) and the carbon atoms 
(with individual isotropic temperature factors) were added 
to the_ model and their positional and thermal parameters 
were refined while the rest of the model was held constant. 
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Two cycles of least-squares refinement led to 
R = 0.12 , Rw = 0.14 . 
Group constrai~ts were now released. The idealised 
positions of hydrogen atoms attached to phenyl and pyridyl 
0 
rings were derived, assuming r(C-H) = 1.08 A, and the 
contributions of hydrogen atoms to the structure factors 
- 02 
calculated assuming temperature factors BH-6.0.A . All 
non-hydrogen atoms wer~ refined fer two cycles so that 
R = 0.071, Rw = 0.081. 
In the subsequent difference Fourier synthesis most 
of the remaining hydrogen atoms on the tetrahedrally bonded 
carbon atoms were located. The positions of all hydrogen 
atoms were determined for an idealised tetrahedral or 
trigonal geometry, as appropriate, but with r(C-H) corrected 
0 
to 1.0 A. Isotropic temperature factors for hydrogen atoms 
were derived from those for the attached carbon atom by the 
following formula:~ 
o~t 
BH = Be + 1.0 A 
Positional and thermal parameters of hydrogen atoms were 
recalculated after every cycle. The iron atom was allowed 
an anisotropic model for its thermal motion. 
After three cycles of refinement with 122 variable 
parameters and using 1118 reflections having I>3ai convergence 
was achieved with 
~ = 0 . 0 56 , Rw = 0 . 0 6 2 . 
The f1nal scale factor to place the observed and calculated 
structure factors on the same scale was 1.0059(39). In the 
final cycle of refinement. the ratios of the change in a 
parameter to its estimated standard deviation were all less 
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than 0.02. Further refinement with non-hydrogen atoms 
assigned anisotropic thermal parameters was not considered 
justified in terms of the available data and the non-correction 
for absorption. The final error in an observation of unit 
weight calculated for data used in refinement was 1.522 and 
was independent of I"F 0 "1 and sine/~ ; indicating that the 
weighting scheme (p=0.05) was satisfactory. For all data 
(with negative intensities set to zero) the error was 1.566 
and the agreement factors were R = 0.15~, Rw = 0.090. 
There was no evidence for secondary extinction among strong 
low angle reflections. There were no serious discrepancies 
among the unobserved data between IF I and IF ·I with respect 
c 0 
to o1 . Moreover for only 38 reflections out of 2401 were 
the calc~lated intensities outside the range 
I-3o1 < Ic < I + 3o 1 . 
The final model is therefore considered to be accurate; 
although precision is moderate due to lack of high angle data. 
Table A1 in the Appendix contains IF0 1 and IFcl for 
all data. Final atomic parameters are contained in Table 3.1. 
Table 3.1 : Final atomic parameters ~o~ Fe(salen-c2H4-pyl. 
Atom X y z B Atom X y z B 
Fe 07733(14) 24212(14) 65621(8) _b c (23) 5421(10) 2733(10) 8289 (6) 5.2(2) 
0(1) -0168 (6) 3419(5) 5812 (3) 4.0(1) C(24) 5282 (10) 3760(10) 7878 (6) 5.4(3) 
0(2) 2269 (5) 3342 (5) . 6856 (3) 4.0(1) C(25) 4204 (9) 3967(9) . 7406 (6) 4.6(2) 
N(l) -0972 (7) 1770 (7) 6926(4) 3.85 (17) C(26) 3240(9) 3129(9) 7339 (6) 4.g{2) 
N(2) 1320 (7) 1258 (7) 7477(4) 4.19(18) H(lA) -157 030 753 
N(3) 1611 (7) 1260(7) 5706(4) 4.19 (18) H(1B) -104 133 813 
C(l) -0903(10) 0909 (10) 7606(6) 5.5 (3) H(2) 054 . -ooo 816 
C(2). 0388 (9) 0337(9) 7617(6) 4. 7(2) H(3A) -011 -127 716 
C(3) 0524 (10) -0659 (10) 7007(6) 5.7(3) H(3B) 140 . -09~ 708 
C(4) 0339(9) -0426(9) 6119 (6) 5.2 (3) H(4A) -038 013 606 
C(5) 1457 (9) 0079(9) 5687(6) 4.5 (2) H(4B) 012 -118 585 
C(6) 2299 (10) -0602 (9) 5264 (6) 5.2(3) H(6) 222 -147 528 
C(7) 3234 (11) -0114 (11, 4826 (7) 6.6 (3) H(7) 302 -062 451 
C(8) 3372 (11) 1091 (11) 4823 (7) 7.0(3) H(8) 405 148 451 
C(9) 2525 (11) 1727 (10) 5277 (6) 6.1(3) H(9) 261 260 528 
C(10) -2099 (9) 2076 (8) 6691(6) 4.2(2) H(10) -284 170 696 
C(ll) -2326(8) 2926 (8) 6068 (5) 3.5(2) H(12) -430 269 615 
C(12) -3622 (9) 3102 (9) 5853 (6) 4.6 (2) H(l3) -484 393 508 
C(l3) -3927(10) 3833(10) 5235 (6) 5.6(3) H(14) -328 498 439 
C(l4) -3020(10) 4435(9) 4828 (6) 5.3 (2) H(15) -109 475 471 
C(l5) -1740(9) 4308(8) 5012(6) 4.3(2) H(20) 253 058 824 
C(l6) -1377(9) 3522(8) 5655 (5) 3.6(2) H(22) 457 119 859 
C(20) 2378(10) 1244(9) 7865 (6) 4.5(2) H(23) 621 258 860 
C(21) 3359(9) 2096(8) 7809 (6) 3.8(2) H(24) 596 43~ 791 
C(22) 4478 (10) 1929 (9) 8270(6) 5.1(3) H(25) 412 473 711 
a 
Fractional coordinates are generated by placing 0. prior to the first dig_it. 
b 
Anisotropic thermal parameters for Fe: Sll • 0.00933(16), 622 • 0.00588(13), 833 • 0.00343(6), B12 •.0.00009(17), 
· r 2 2 s13 •-D.00027 (7), s23 • 0.00045 (10) where the form of the anisotropic thermal ellipsoid is expLS11h , + s22
k + 
2 . J . B33 t + 2812hk + 2813hl + 2823kll • RMS components of thermal displacel!lent along the principal ellipsoidal axe; 
0 
are 0.193(3), 0.220(2) and 0.233(2) A. 
c Hydrogen atom positions were not refined. 
Hydrogen atom H(lA) bonded to carbon atom C{l), etc. 
d 
Temperature factor derived from attached.oarbon atom B • B + 1.0. 
. l! c 
\.0 
(.N 
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3.1.4 Description and Discussion of the St~ucture 
General Description of Structure and Packing 
The crystal structure consists of well-separated 
molecules of Fe(salen-C 2H4-py). The pentadentate "salen-
c2H4-py" ligand coordinates so that the iron centre has a 
distorted trigonal-bipyramidal geometry. Figure 3.2 is a 
perspective view of one molecule; the atom labelling system 
used for this and other Schiff-base complexes described in 
this chapter is defined therein. Bond distances and angles 
for Fe(salen-C 2H4-py) together with those of its cobalt 
analogue, for comparative purposes, may be found in Tables 
3.2 and 3.3 respectively. The cobalt analogue crystallises 
with two crystallographically independent mole~ules in the 
asymmetric unit, and it is also noted that a salicylideniminato 
oxygen atom is hydrogen bonded to an ethanol solvate molecule -
0 
the orientation and 0(1) ... (H) -oc 2H5 separation (2.82(2) .A) 
are strikingly similar for both Co(salen-C 2H4 -py).C 2H50H 
. 9 188 
spec1es ' 
Figure 3.3 shows the packing of molecules of Fe(salen-
c2H4-py) with respect to its unit cell. 0 
The only non-hydrogen 
intermolecular contacts less than 3.50 A are:- O(Z) ... C(l) 
0 0 0 
3.40 A, 0(1) ... C(2) 3.43 A, C(6) ... C(ll) 3.47 A and N(l) ... C(3) 
0 
3. 47 A. The Fe ... C (3) intermolecular separation is 
0 
rather close. at 3.53 A. 
0 
Non-hydrogen intermolecular contacts 
less than 3.75 A are summarised in Table 3.4. 
Both Fe(salen-C 2H4-py) and its cobalt analogue are high 
spin; the iron complex has a magnetic moment of 5.14 BM (S=2) 20 ~ 
. 199 
the cobalt complex ~4.25 BM (S=3/2) . 
Figure 3.2 
Figure 3.3 
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COOJ 
Perspective diagram of Fe(salen-c2H4-py) ~ 
Stereoscop~c diagram of the packing of Fe(salen-c2H4-py) 
with respect to the unit cell. 
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Table ). 2 I Bond distances for Fe (salen-c
2
11
4 
-py) and Co (salen-c2114-py). 
Atoms Fe(salen-c211 4-py) Co(salen-c2H4-py) (A) Co(salen-c2H4-py) (B) Average over 
class of nchem. 
Distance()\) Average6 (7~\ Distance a Distance Average a equiv." bonds Average 
M-o(l) 1.958(6) 1.933(13) 1. 939 (13') 
M-0(2) 1. 960 (6) 1. 959 (6) 1. 926 (10) 1.930(13) 1.909(10) 1.924 (13) 
M-N(l) 2.085(7) 1.945(14) 2.004(16) 
ti-N(2) 2.101(8) 2.093(8) 1.929(17) 1. 937 (17) 1. 992 (16) 1. 998 (16) 
M-N(3) 2.147(8) 2.142(13) 2.147(14) 
N(l)-C(l) 1. 503 (11) • 1.49(3) 1.48(3) 1.483(13) 
N(2)-C(2) 1. 464 (11) ' 1. 484 (11) 1.48(2) 1.48 (3) 1.48(2) 1. 48 (3) 
N(1)-c(l0) 1. 299 (10) 1.28(2) • 1.25(3) 1.276(16) 
N(2)-C(20) 1. 286 (10) 1.293(10) 1.27(2) 1. 28 (2) 1.27(2) 1.26 (3) 
0(1)-C(16) 1. 307 (9) i.33(2), 1.31(2) 1 •. 309 (12) 
0(2)-C(26) 1. 320 (10) 1. 314 (10) 1. 30(2) 1.31(2) 1.30(2) 1. 30 (2) 
c(l)-c(2) 1. 514 (12) • 1.50(3) 1.50 (3) 
C(2)-c (3l 1. 536 (13) 1.57(3) 1. 58 (2) 
C(3)-C(4) 1. 513 (13) • 1.50(3) • 1.52(3) 
C(4)-c(Sl 1.504 (12) 1. 517 (14) 1.48 (3) 1.51(4) 1. 51 (3) 1.53(4) 
C(10)-C(ll) 1. 441 (11) • 1.44(3) 1.43(3) 1. 445 (16) 
c (20l -c (21l 1.429(11) 1.435(11) 1. 46 (2) 1.45(3) 1. 47 (3) 1.45(3) 
N(3)-C(5) 1.364(11) • 1.42(2) ·1.35(2) • 
N(3)-C(9) 1. 320 (11) 1. 342 (11) 1.32(3) 1. 37 (3) \ 1.34(3) 1.34(3) 
C{S)-C (6) 1. 382 (12) 1.43(3) • 1.38(3) • 
C(6)-c(7) 1.354(13) 
* 1.38(3) • 1.36(3) • 
C(7)-c(8) 1.389(14) 
* 1.37 (3) it 1.33(3) * 
C(8)-C(9) 1.384(14) 1. 377 (16) 1.41(3) 1.40(3) 1. 39 (3) 1.37(3) 
C(ll)-C(12) 1.428 (11) 1.41(3) • 1.43(3) • 1.419 (16) 
C(12)-C(13) 1.362(12) • 1.36(3) • 1.41(3) • 1.370(21) 
C(13)-C(14) 1.367(13) 
·• 1. 37 (3) 1.37(3) 1.375(11) 
C(l4)-C(l5) 1.393(12) 
* 1.34(3) • 1. 37 (3) • 1. 373 (22) 
C(l5)-C(16) 1.448(11) 
* 1. 43 (3) .. 1.42(3) 1.424(14) 
C(l6)-C(ll) 1.400 (11) • 1. 41 (3) 
* 1.41(3) * 1.429(18) 
C(21)-C(22) 1.417 (12) 
* 1. 41 (3) 1.39(3) 
C(22)-C(23) 1.359(12) 1.35(3) • 1.38(3) * 
C(23)-C(24) 1.368(13) ' . 1.37(3) .. 1.40(3) 
C(24)-C(25) 1.398(12) 
.1.39(3) 
* 1.36(3) '. 
C(25)-C(26) 1.405(12) 
* 1.42(2) • 1.42 (3) • 
C(26)..:C (21) 1.424(12) 1. 3'97 (29) 1.43(3) 1.39(3) 1.45(3) 1.40(3) 
a 
'l'he e.s.d. about a mean is calculated from the dispersal of values about their mean for the ~ase 
where there are three or more values in a clasnr otherwise the e.s.d. of an individual value is 
quoted. 
Atoms 
0(1)-M-N(l) 
0(2)-M-N(2) 
N(1)-M-N(2) 
0(1)-M~0(2) 
N (1) -M-0 (2) 
N (2) -M-0 (1) 
N(1)-M-N(3) 
N(2)-M-N(3) 
0(1)-M-N(3) 
0(2)-M-N(3) 
M-N(1)-C(1) 
M-N(2)-c(2) 
M-N (1)-c (10) 
M-N (2)-C (20) 
M-0 (1)-C (16) 
M-0(2)-C(26) 
0(1)-C(l6)-C(11) 
o (2)-c (26)-c 1211 
N(1)-C(10)-C(11) 
N(2)-C(20)-C(21) 
C(10)-C(11)-C(16) 
C(20)-C(21)-C(26) 
0(1)-c(16)-C(15) 
0(2)-C(26)-C(25) 
C(10)-N(1)-C(1) 
C(20)-N(2)-C(2) 
NUl -c 111 -c 121 
N(2)-C(2)-C(1) 
N(2)-C(2)-C(3) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
M-N (3)-C (5) 
M-N(3)-C(9) 
C(S)-N(3)-C(9) 
N(3)-C(5)-C(6) 
C(5)-C(6)-c(7) 
C(6)-C(7)-C(8) 
C(7)-C(8)-c (9) 
C(8)-C(9)-N(3) 
C(4)-C(5)-N(3} 
C(4)-C(5)-C(6) 
C(10)-C(11)-C(12) 
c (201 -c 1211 -c 1221 
C(l1)-C(l2)-C(13) 
C(l2)-C(l3)-c(14) 
C(13)-C(l4)-C(15) 
C(14)-C(15)-C(l6) 
C(15)-C(16)-C(11) 
C(16)-C(11)-C(l2) 
C(21)-t(22)-cl23) 
C(22)-C(23)-C(24) 
C(23)-C(24)-C(25) 
C(24)-C(25)-C(26) 
C(25)-C(26)-C(21) 
C(26)-C(2l)-C(22) 
C(S2)-C(Sl)-0(51) 
Tab1o 3. 3 1 
87 .o (3) 
86,8(3) 
76.5(3) 
104.4(3) 
146.6 (3) 
165.4 (3) 
110.0(3) 
86.6(3) 
90.6(3) 
99.4(3) 
114.6(6) 
ll3.0(6) 
128.9(7) 
127.2(7) 
132.1(6) 
132.3(6) 
124.2(9) 
123.6(9) 
123.0(9) 
125.9(10) 
124.6(8) 
122.9(9) 
117.1(8) 
118.8(9) 
·116.2 (8) 
119.6(8) 
109.3(8) 
107.1(8) 
111.4 (8) 
ll3.8(8) 
120.1(9) 
116.1(9) 
125.5(7) 
114.6(7) 
118.6(9) 
119.7(10) 
121.2 (10) 
119.3(11) 
117.0(11) 
124.1(11) 
117.8(9) 
122.6(10) 
115.5(9) 
118.3(9) 
119,8(10) 
121.5 (10) 
121.6(10) 
·118. 5 (9) 
118.7(8) 
119.9(9) 
121.9(10) 
119.6(10) 
120.7 (10) 
121.0(10) 
117.6(9) 
118.7(9) 
Seo footnoto (a) o! Tah1o 3.~. 
86.9(3) 
113.8(6) 
128.1(7) 
132.2(6) 
123.9(9) 
124.5 (10) 
123.8 (9) . 
118.0(9) 
117.9(8) 
* 
113.0(47) 
:.. 
* 
• 
120.0(4) 
* 
116.9(9) 
• 
• 
.. 
• 
• 
120.0(l4J 
1\nglc 
91.8 (6) 
92.5(6) 
83,8(7) 
89.6(5) 
155.5(6) 
. 173.5(6} 
108.6(6) 
88.9(6) 
97,0(5) 
95.5(6) 
111.8 (13) 
114.3 (13) 
128.6 (14) 
129.0(15) 
127.7(14) 
126.6 (13) 
123.6 (20) 
125.5 (19) 
123.5(19) 
123.3(19) 
124.3 (21) 
122.0 (18) 
118.1(20) 
117.3(19) 
119.0(17) 
116.3(18) 
112.5(18) 
104.7(17) 
113,4(17) 
109,1(18) 
119.8(18) 
116.8(20) 
126,1(15) 
116.2 (15) 
117 .5(19) 
119.8(21) 
117.4(23) 
123.8(23) 
115.7 (21) 
125.4 (21) 
118.3(21) 
121.9(22) 
117.0(22) 
119.7 (16) 
122.4(22) 
117.1(22) 
125.3(22) 
118.4(21) 
118.3(21) 
118.7 (21) 
124.6(19). 
116.2 (21) 
124.0(22) 
120,0 (20) 
117 .o (19) 
118.0(19) 
111.2 (23) 
Average a 
92.1(6) 
113 ;2 (13) 
128.8(15) 
127.1(14) 
124.6 ( 20) 
* 
123.4 (19) 
123.2(21) 
* 
117.7(20) 
.117.7(18) 
• 
* 
• 
• 
112.7(54) 
• 
• 
• 
119.9(39) 
* 
118.4 (22) 
• 
• 
• 
• 
• 
• 
* 
.. 
.. 
120.0(32) 
Angle 
90.5(6) 
90.2 (6) 
82.9 (7) 
94.0(5) 
149.2(6) 
172.8(7) 
110.3 (6) 
88.3(6) 
96.6(6) 
99.4(6) 
112.5 (14) 
112.4 (13) 
127.4 (16) 
130.3 (16) 
130.0 (14) 
129.0 (13) 
121.1 (19) 
124.0(19) 
123.4(21) 
121.5 (20) 
126.8(20) 
123.0(19) 
. 119.9 (20) 
121.0 (20) 
119.8 (18) 
117.3 (18) 
111.8 (18) 
107.6(17) 
109.1 (17) 
110.6(18) 
121.3 (18) 
115.4 (17) 
127,1(15) 
115.0(15) 
117.8(19) 
121.8 (20) 
118.9 (21) 
120.3 (23) 
119.2 (22) 
121.9 (21) 
117.5(20) 
120.4(20) 
114.6(22) 
us. 7(21) 
122.4(22) 
115.8(22). 
. 124.8(22) 
119.4(21) 
119.1 (20) 
118.2(21) 
121.3 (22) 
118.1 (21) 
122.1(21) 
. 122.3(20) 
114.9(20) 
121.2 (20) 
117.1(23) 
97. 
Avcraqe4 
90.4(6) 
112.4(13) 
128.8(15) 
129.5(14) 
122.6 (19) 
122.5(20) 
124.9(20) 
120.4 (20l, 
118.6(18) 
112.6(50) 
120.0(17) 
115.1(21) 
* 
• 
• 
• 
• 
120.0(29) 
Table 3. 4 
Atoms 
Fe .•• c (3) 
0 (1) .•. c (2) 
0(1) .•• C(l5) 
0(2) ..• C(l) 
0(2) ..• C(3) 
0(2) •.• c (2) 
N(l) •.. C(3) 
C(4) ..• C(5) 
C(6) ... C(ll) 
C(6) •.• C(l0) 
C(6) ••• C(l2) 
C(7) .•. C(lO) 
C(7) •.• C(l2) 
c (7) •.• c (11) 
c (8) •.• c (23) 
c (8) •• ~ c (22) 
c (12) •.• c (25) 
c (12) ..• c (24) 
c (13) .•• c (13) 
Non-hydrogen intermolecular contacts 
0 
for Fe(salen-c2H4-py) .less than 3. 75 A. 
Distance 
3.53 
3.43 
3.58 
3.40 
3.70 
3.73 
3.47 
3.56 
3.47 
3.67 
3.70 
3.58 
3.63 
3.67 
3.62 
3.64 
3.61 
3.65 
3.59 
98. 
99. 
Stereochemistry About the Metal C~ntre 
The coordination geometry about the iron and also 
the cobalt centre may be described as a trigonal-bipyramidally 
distorted square pyramid or, more simply, a distorted 
trigonal bipyramid. The 0(1)-Fe-N(2) group is the 4uasi-
trigonal axis; the bond angle is 165.4(2) 0 (173.5(6) 0 and 
17 2. 8 ( 7) C). Here and elsewhere a parameter for Fe(sa1en-
c 2H4-py), is followed, where appropriate, by the correspond-
ing parameters for Co(salen-c 2H4-py) molecule A and molecule 
B, respectively, in parentheses. Figure 3.4 shows some of 
the differences among the three molecules. 
While the cobalt and iron complexes share a basically 
similar geometry there are significant differences in metal-
. . 
ligand bond lengths. The metal-pyridyl nitrogen separations 
r(M-N ) for the cobalt species are insignificantly different 
. py 
0 
from those observed for Fe(salen-C 2H4-py) (2~147(8) A). 
Compared with the two independent molecules A and B of CD(salen-
o 
c2H4-py), the Fe-0 1 separations, 1.958(6) and 1.960(6) A, sa en 
are marginally longer but the Fe-Nsalen separations, 2.085(7) 
. 0 0 
and 2.101(8) A, are longer by more than 0.14-A (for molecule A) 
0 
and by more than 0.08 A (for.molecule B). The differences in 
Co-N 1 separations for molecules A and B are significant sa en 
at a confidence level greater than three e.s.d.s for the 
difference. These differences had . been considered to be 
insignificant188 . Associated with the longer r(Fe-Nsalen) 
is a more obtuse 0(1)-Fe-0(2) bond angle of 104.4(3) 0 
(89.6(5) 0 and ~4.0(5) 0 ). While other bond angles in the 
salen component generally· show somewhat smaller but still 
significant differences, the bond angles about the metal 
THE LIBRARY 
UNIVE:<.SIH CANTERBURY 
CHRISTCHURCH, N.Z. 
Figure 3.4 
b c 
Perspective diagram of (a) ·Fe (salen-c2H4-py), 
(b) Co(salen-C2H4-py) A and (c) Co(salen-
c
2
H
4
-py) B. Identical vectors are used to 
define the orientation of the molecules. 
J--l 
0 
0 
101. 
involving the salen ligand and the pyridyl nitrogen atoms 
are reasonably similar for the iron and cobalt complexes. 
The bond lengths about the iron atom are generally 
similar to those for the molecule of Co(salbn@)(py) that has 
200 distorted trigonal-bipyramidal geometry . 
The geometry of the metal-ligand system may be 
quantified in a number of ways- firstly by looking at the 
N(l)-O(l)-0(2}-N(2) torsional angle and the twisting of the 
two salicylideniminato residues, and secondly by applying 
·the Z 2 0 9 · d · · f · d 1 emann test to summar1se ev1at1ons rom 1 ea square-
pyramidal or trigonal-bipyramidal geometries. Correlations 
between basic geometry, metal-ligand bond lengths and spin 
state are also discussed. 
1. In contrast to the non-covalently linked· pyridyl 
species Co(salen) (py) which, as a consequence of a crystallo-
graphically imposed mirror plane, has a torsional angle 
-r(N(l)-O(l)-0(2)-N(2)) of 0'· 0 (that is, the N(l),O(l),0(2)~-
) 196 N(2) group is planar and square-pyramidal geometry , the 
iron and cobalt complexes of "salen-c 2H4-py" have a markedly 
non-planar N(l),O(l),0(2),N(2) group. The mean absolute 
displacement of atoms from their least-squares plane is 
0 0 0 
0.213 A (0.157 A and 0.217 A) and the torsional angle 
-r(N(l)-O(l)-0(2)-N(2)) is 16.3(3) 0 (12.5(5) 0 and 17.2(5) 0 ). 
The chelate rings are approximately planar (Chel-l = 
M, 0(1) ,C(l6) ,C(ll) ,C(lO) ,N(l), similarly for Chel-2). 
In both the iron and cobalt structures Chel-l displays smaller 
departures from planarity than Chel-2; the mean absolute 
0 0 0 
displacements are 0.015 A. (0.023 and 0.026 A) and 0.050 A 
0 
(0.049 and 0.057 A), respectively. They are approximately 
~· l!ol•ote<1 unweiqhted leaot-e<jUares planes for Fe(oalen-<:2114-P!'l and CO(oale-<:2114-Pl'l• · 
~uation of Plane b 
l I 
Diaplac~n.t of Other 
Pl&De Atoms in Plano· 
· Atoms !roa l'lane 
A:+By+C:-D -o 0 3 .. !~ x 1031& 
(Coeff X 104 1 
Deviations of A.tome !rora Plarte (l\ X 10_ ~ 
Ie N(l) 0(1) N(2) 0(2) II 
3130 -6212 -7184 -96629 -231(7) 197(6) 230(7) -195 (6) 319(1) 
-4275 -e867 -1158 -19452 160(15) -153 (12) -161 (17) 153 112) -250(3) 
-ales 552e -1550 -83253 222 (le) -208 115) -225 (le) 211 (13) 293(3) 
Py N(3) em Cl6) C(7) C(8) C(9) I! ,C!4) 
-6042 0653 -7941 -84080 -014 (7) 021 (10) -014 (10) 000 112) 007 112) 000(11) •516{1) lJOClO)· 
5797 -4155 -7009 5502 026(16) -039 (22) 02e(2e) -004 124) -010(22) -001 (22) : 293(3) •105(21) 
3467 6119 -7109 -66637 001 (16) 006 (20) -010(21) 009 (24) -002 (23) -002(21) 120(3) •108(25) 
Ph-1 C(l1) CC12l C(l3) C(l4) C(15) C(16) 
0674 -7541 -6532 -92993 002(9) -009 (lO) 010 (11) -004 (10) -003 (lO) 003 19) 
-2180 -9697 -1106 -175e7 010 (21) -005 118) -002 122) 004 122) 002 121) -ooe 1211 
-6512 7554 -0729 -89112 -026 (23) 031 (23) -ole !23) 000 (25) 004 (22) 009 (22) 
Ph-2 C(2l) C(22) Cl23) C(24) C(25) C(26) 
4514 -4304 -7e17 -96222 -020 (9) . -006(10) 023 (10) -013 (10) -013 (10) 029(9) 
-5052 -e228 -2603 -21047 -021 (19) 006 (20) 006 (22) -004 (21) -012 121) 023 (20) 
-8395. 4788 -256e -835e3 017 (22) -016 126) 007 (23) •002 (24) 004 (23) -011(22) 
Sal.-1 N(1) C(10) C(l1) C(l2) C(l3) C(l4) C(lS) C(16) I 0(1) II 0625 -7361 -6740 -93925 061 (7) 
-ooe !91 -041(9) -034 (10) 022 (11) 031 (10) 016(10) -018(9) •028 (6) 035(2) 
-2186 -9679 -1244 -17910 -061 (15) 037 (1e) 02e(21) 006 (18) •009 (22) -015 (22) -013 (21) -003 (21) 031(12) -029 (3) 
-6526 7538 -0768 -89255 -051 (171 046 122) -025 (23) 033 (23) -021 (23) -0081251 -QOS(22) 004(22) 027 (l4) -026(3) 
Sal-~ N!2l C(20) C(21) C(22). C(23) Cl24) C(25) C(26) 0(2) It 
4404 -4676 -7664 -95997 -046 (7) -043(10) 02919) 04el10) 033 (10) -056 (10) -065(10) 023(9) 071;(6) 250(1) 
-5ooe -e275 -2538 -20el2 -coo 1111 020 (21) -035 119) -oo5 1201 006 122) 006(21) -Q04(21) 019(20) •007(12) -200(3) 
-5434 4.714 •2578 -e35eo -056(1e) -047(21) 027 (22) -015 (26) -003 123) -014 124) oooc:m -D04(22) 016(13) •291(3) 
CMJ.-1 M N(1) Cl10) Cllll C(l6) 0(1) 
047B -7193 -6930 -95223 -007(2) 022 (7) -016 (9} -010 (9) 023 (9) •012 (6) 
-2061 -9662 -1419 -17955 005 13) -OJ6 (15) 036 (18) 001(211 -032 121) 025 (12) 
-64e3 7563 -0875 -e999S -oo5 !31 -OJ1 117) 053 (22} -033 (23)· -009 (22) 025 (14) 
Cbel-2 M NC2l C(20) C(2ll Cl26) 0 (2} 
4773 -5060 -7185 -a9e38 077{1) •073(7) 003 (10) 071(9) -023 (9) -055(6) 
-5390 -6109 -:!~78 -22746 -075(3) o5e(17) 016 (21) -072 (10) Ole(20) 056(12) 
-8872 4069 -2176 -80&50 -082(3) 039 (1e) 031 (22) -056(22) •OJ2(22) 100(14) 
a Displacementaof atoms are tros a fixed plane .and hence the acco=pa.nyinq e.a.cfs are deri'Nd only trc::a t..'Mt e.a.c. '• in the positional eoo-~te• of 
-- · the atcllDS. 
b 
0 
'Ibe coefficienta o! the leut•squaroo plano aro for an ortho9onalioed Angatrooa coordinate oyat .... 
c 
'nH! tirac. line ot nl.llllbGra tor e&ch pl&ne p.rt&in.a to Fe(a&lon-c4H4•py)J the sueeee41ng two lines to Co(e&len-c:2a4~py) aoleculctaa A .an4 a, recpoatiftly. 
~ 
0 
N 
103. 
Table 3.6 0 Selected dihedral angles (in ) between least-squares 
planes for Fe(salen-c2H4-py) and Co(salen-c2H4-py). 
r-l ('\J 
r-l ('\J I I 
r-l ('\J I I r-l r-l 
I I r-l r-l <IJ <IJ 
.c: ;c: :>1 rtl rtl .c: .c: 
P-1 P-1 P-1 U) U) u u 
I a 16.5 14.0 70.1 16.1 11.8 16.3 11.5 
13.5 7.5 75.9 13.2 7.0 13.7 8.3 
15.8 . 7. 3 80.5 15.7 7.7 15.8 9.9 
Ph-1 30.1 64.6 1.6 28.0 3.2 28.0 
20.5 69.3 0.8 20.0 1.9 21.7 
22.0 73.2 0.3 22.5 0.9 25.7 
Ph-2 71.3 29.3 2.4 29.2 5.8 
76.6 20.1 0.5 20.3 2.8 
79.4 21.8 0.5 21.7 5.4 
Py 63.3 71.8 61.7 75.6 
68.7 76.6 67.5 79.4 
73.2 79.7 72.5 84.5 
Sal-1 27.3 1.7 27·.6 
19.6 1.2 21.4 
22.3 0.7 25.5 
Sal-2 27.3 4.1 
19.9 2.8 
22.2 5.0 
Chel-l 27.8 
21.8 
25.6 
a See footnote (c) Table 3.5. 
·104. 
coplanar with their host phenyl groups ~hich are d~fined:-
Ph -1 = C ( 11) , C ( 12) , C ( 13) , C ( 14) , C ( 15) , C ( 16), and Ph- 2 , 
similarly . The dihedral angles are 3.2° (1.9° and 0.9°) 
between planes Chel-l and Ph-l,and 5.8° (2.8° and 5.4°) 
between planes Chel-2 and Ph-2. The dihedral angle between 
the two chelate rings is 27.8° (21.8° 0 and 25.6 ) and between 
the two phenyl-groups 30.1° (20.5 0 and 0 22.0 ) . Table 3.5 
lists the equations of a number of least-squares planes 
together with the atoms comprising the plane and their 
deviations therefrom; Table 3.6 gives the dihedral angles 
between the planes. 
2. The Zemann test 209 may be used to summarise in a 
semi-quantitative manner whether a pentagonally-coordinated 
species approximates more closely to square-pyramidal or to 
trigonal-bipyramidal geometry. The residual ~is defined:-
10 10 
~ =. IILCXMXdbs)i-L(XMXtheor)ii~ILCXMXtheor)i 
1=1 1=1 
where L(XMX.b) is the observed angie and L(XMCth ) is· the o s eor 
angle calculated for idealised square-pyramidal or trigonal-
bipyramidal geometry (Figure 3.5). In the square-pyramidal 
case the displacement of the metal atom from the least-squares 
plane, comprising atoms N(l), O(l), N(Z) A O(Z),and the average 
metal to Schiff-base ligand (as the quasi-square plane) 
sepa~ation must be calculated as a prerequisite to the 
derivation of certain bond angles for the idealised square-
pyramidal geometry. 
'lOS. 
L(XMX) = 
L(XMY) = 90° (6) )( 
J.(YMY) 120° (3) /_,(XMY) 0 sin -1 d (4) = = 90 + 
r(M-Y) 
-1 2 
.L (YMY) = cos d 2 ( 4) 
r(M-Y) 
!J(YMY) -1 d (2) 2cos --
r(M-Y) 
Figure 3.5: Idealised geometries; (a) trigonal-bipyramidal and (b) 
square-pyramidal. Number of each type in parentheses. 
The residuals for Fe(salen-C 2H4 -py) and a number of 
other five-coordinate Schiff base-cobalt structures are 
tabulated in Table 3.7. The residual for a p~rfect trigonal 
bipyramid viewed as distorted perfect square pyramid (and 
vice versa) are also tabulated. The higher residuals for 
both a square-pyramidal and trigonal-bipyramidal description 
of Fe(salen-C 2H4-py) than the corresponding residuals for 
Co(salen-C 2H4-py) indicate greater distortion for Fe(salen-
c2H4-py) not only from a trigonal-bipyramidal geometry but 
also from a square-pyramidal geometry. 
is closer to square-pyramidal geometry than molecule B. 
Furthermore,the metal-Schiff base ligand bond.lengths of A 
are marginally shorter than those of B. This may be 
attributed to the greater cobalt-Schiff base n bonding with 
consequent shortening of metal-ligand separations that is 
possible for the structure which more closely approximates 
to square-pyramidal geometry; n bonding will be maximal for 
square planar or octahedral geometries. More pronounced 
differences in general geometry and bond lengths are observed 
for the two crystallographically independent molecules of 
Table 3.7 
Compound 
AB5 sq.py. 
AB5 trig.bipy. 
Co(salen) (py) 
Co(3-MeO-salen) (OH2 ) 
Co (salbn @) (py) Ac 
B 
Co(3-Fsaltmen) (1-Bz-imid) 
Co(salen-c2H4-py) A B 
Fe(salen-c2H4-py) 
zen:ann test for square-pyramidal and trigonal-hi-pyramidal conformations 
for selected Schiff-base complexes. 
Residual !:J. 
da r(M-Y) a I Sq.py. Trig.bipyb . b. b I Tr~g. ~py 
0.0 2.0 0 0.111 (360°) 0.111 (360°) 
0.5 2.0 0 0.124 (360°) 0.124 (360°) 
- 2.0 0.126 0 (360°) 0 (360°) 
0.20 1.90 0.022 0.124 (360°) 0.124 (360°) 
0.43 2.00 0.029 0.125 (358.6°) 0.121 (358.6°) 
0.206 1.887 0.027 0.113 (360°) 0.135 (360°) 
0.399 2.019 0.080 0.082 (352.5°) 0.195 (357.4°) 
0.411 2.031 0.098 0.068 (358.3) 0.198 (356.2) 
0.250 1.933 0.048 0 d 0.155 (359.6)e 0.090 (359.4 )d 
0.293 1.961 0.058 0.081 (357.9°) 0.167 (358.9)e 
0.319 2.026 0.065 0.105 (352.6)d 0.170 (356.0)e 
Reference 
[196] 
[i97] 
[2oo] 
[198] 
[9,188] 
This work. 
a o 
The average metal-ligand (Schiff base) separation, r(M-Y); displacement of metal from N2o2 plane, d. Distances in A 
b The number in brackets is the sum of the angles of the quasi-trigonal plane; if planar the sum should be 360°. 
c 
d 
e 
Some of the residuals of reference [20~ appear to be incorrect. 
Pseudo-trigonal axis O(l)-Co-N(2). 
Pseudo-trigonal axis N(l)-Co-0(2). 
f-' 
0 
0\ 
107. 
Co(salbnm) (py) 200 ; the metal-ligand separations, except for 
r(Co-N ), are considerably shorter (particularly r(Co-N 1 )) py sa en 
in the square-pyramidal molecule than in the trigonal-bipyramid-
ally distorted square-pyramidal molecule. The similarity of 
bond lengths for the s~uare-pyramidal molecule, Co(salbnffi)-
(py)A, with those for the low spin complexes Co(salen) (py) and 
[Co(salen)] 2 indicates that Co(salbnm) (py)A may be low spin; 
comparison of the bond lengths of the trigonally distorted 
molecule 7 Co(salbnffi) (py)B,with the high spin Co(3-Me0-salen)-
(OH)2 and Fe(salen-C 2H4-py) indicates that Co(salbnffi)(py)B 
may be high spin. Unfortunately, Calligaris and coworkers 
omitted the magnetic moment of solid Co(salbnffi) (py) in their 
tabulation197 of the magnetic moments of other related 
complexes. The pairs of molecules of Co (sal bnffi) (py) and ·co_. 
(salen-C 2H4-py) well illustrate the effects of crystal packing 
on molecular stereochemistry. 
For Fe,Co(salen-c 2H4-py) the coordination of the 
pyridyl group, which is linked by an ethyl group to the 
ethylene bridge of the Schiff base, is largely responsible 
for the deviations of the quadridentate bis(salicylideniminato) 
jr ."salen" fragment from the essentially square-planar conform-
ation commonly adopted by four-coordinate species such as 
Co(salen) 210 , Co(bzacen) 211 , and Co(t-Bsalten) 123 , and from 
the square-pyramidal geometry adopted by Co(salen) (py) 196 
197 and Co(3-Me0 salen)(OH2) . It is appropriate to note that 
the complex Co(sa1en-C~H 6 -py) which has a three-carbon link 
. 1 . d b b1 "d 1199 1s ow sp1n an pro a y square-pyram1 a . 
108. 
The Salicylideniminato Residues 
Over a wide range of metals, oxidation states, and 
coordination geometry, the two salicylideniminato residues 
maintain nearly invariant stereochemistry. The weighted 
averages and standard deviations for bond lengths of sixteen 
183 
"salen" complexes have been calculated assuming chemical 
equivalence for the two residues. These are shown in Figure 
3.6 together with the corresponding parameters for Fe(salen-
c2H4-py) and for Co(saltmen)(l-Bz-imid) (0 2) the structure of 
which is the most precisely determined "salen" derivative 
presently available 124 In the case of Fe(salen-C 2H4-py) 
the difference (o) between chemically equivalent bond lengths 
(r(x-y) and r(x 1 -y 1 )) of the two residues is always less than 
2.7 (and generally well within one) estimated standard 
2 2 ~ deviations of the difference (a~= (a ( 1 1 ) + a ( ) 2 ) 
u r x -y r x-y) · 
The internal consistency is reassuring. Although the diff-
erences in bond lengths around the phenyl ring are mostl-y of 
marginal significance they do follow very closely similar 
trends observed in other "salen" complexes. Moreover, that 
the scatter of the six phenfl bond lengths about their mean 
0 0 
value (average r(C-C) = 1.397 A, a= 0.029 A) is more than 
twice the e.s.d. of an individual bond length is also indic-
·ative of large perturbations in electron density ·around the 
/R -
phenyl ring induced by -C=N and -0 substi tuents. For 
Co(salen-C 2H4-py) the larger e.s.d.s. associated with individ-
ual bond lengths mask any possible significance in the 
deviations which do, nevertheless, follow a similar pattern 
to its iron analogue. The consistency of the pattern of 
bond lengtJ~for Co,Fe(salen-C 2H4-py) is reflected in the 
!.a? 
'-a6, < 0; ('<; 
1.-:a 
1.-r.:; <ra so ; 
I; 
1.422(3} 
1.423(11) 
1.389(4) 
1.396(12) 
'-<e 1.-:e 'ra; ~(Jlj 
1.291(3) 
1.293ClO> N 
.... I '"' ~ • ..... I ~
"'5 ~01 ~ ~~; /lQ ~.,t..' ~.,.,, ', s~' 
I \. 
1.40 
N 1.285<4> 
1.38 
1.402(5) 
1.38 
1.358(6) 
Top ieft hand values from compilation of reference Top right hand values : average of two chemically equivalent 
separations for Co(saltmen) (1-Bz-imid)-
Bottom left hand 
values 
[183]. 
· average of two chemically 
equivalent separations for 
Fe(salen-c2H4-py). 
Bottom right hand 
values 
Figure 3.6 
0 
Bond lengths in the salen system,in A. 
( ) 124 02 • 
h . 11 d . d . 212 t eoret~ca y er~ve separat~ons 
for a salicylideniminato residue. 
f-1 
0 
(.Q 
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e.s.d. of the average of the six crystallographically 
independent bonds lengths comprising each chemical class 
(two measurements from Fe(salen-C 2H4-py) plus four from 
the two independent molecules of Co(salen-c 2H4-py); in all 
cases this e.s.d. is less than 2/3 the e.s.d. of an indiv-
idual value for Co(salen-C 2H4 ~py) - the less precisely deter-
mined structure - and this. e.s.d. in some cases approaches 
that for Fe (salen-c 2H4 -py) (see Table 3. 2). The observed 
pattern of three consecutive shorter outer bonds and three 
consecutive longer inner bonds has been reproduced in 
Huckel . molecular orbital calculations fqr an uncoordinated 
salicylaldimate residue; the agreement between the calculated 
212 
and observed separations is remarkably good . 
Although bond lengths in the phenyl rings differ 
significantly from an unsubstituted benzene ring C-C separ-
o 
ation of 1.392 A, the bond angles for Fe(salen-C 2H4 -py) 
(Table 3.3) do not; neither do those for Co(salen-c 2H 4 -~y). 
Deviations of the phenyl groups from planarity are 
not considered to be significant; the greatest deviation 
being 0.010(11) for Ph-1 and 0.029(9) for Ph-2. The 
salicylideniminato residues (Sal-1 = 0(1), C(l6), C(lS), 
C(14), C(l3), C(12), C(11), C(10) ,- N(1), similarly for Sal-2) 
maintain approximate planarity; the mean absolute displace-
a o 
ments of atoms from the planes are 0.029 A (0.023 and 0.024 A) 
0 0 
for Sal-1 and 0.047 A (0.011 and 0.020 A) for Sal-2, although 
deviations of atoms from the planes are statistically signif-
icant. For Fe(salen-C 2H4 -py) it is noteworthy that the 
phenyl ring, Ph-2( C(21) , ... ,C(26)), the salicylideniminato 
111. 
residue, Sal-2,and also the chelate ring,Chel-2,all display 
greater deviations from planarity than the other fragment. 
The Ethylene-ethyl Moiety 
Structural manifestations of the coordination of the 
Schiff base-linked pyridy1 group are not limited merely to 
the immediate coordination environment around the iron or 
~obalt centre but ari also found in the ethyl linkage. 
TheN N'-ethylene bridge adopts the non-eclipsing 
or gauche conformation observed in most other Schiff-base 
structures, although this may be disguised as a cis-conform-
ation with irresolvable disorder between two gauche conform-
ations,as occurs for Co(salen)(py) 196 . The N(l)-C(l)-C(2)-
N(2) torsional angle is 43(1) 0 (36(2) 0 and 37(2) 0~ The 
bond angles L(C(lO)-N(l)-C(l] and L(C(20)-N(2)-C(2] around 
N(l) and N(2) are not significantly different from an expected 
value of 120° for an sp 2-hybridised nitrogen atom; neither 
are the angles L(N(l)-C(l)-C(2)) and L(N(2)-C(2)-C(l)) 
. 0 different from the expected tetrahedral values (109 ). 
However, other bond angles in the ethyl link show highly 
significant departures from tetrahedral symmetry, particularly 
v~lues for L(C(2)-C(3)-C(4)) and iCC(3)-C(4)-C(S)) which are 
~120° and ~116° respectively, for the iron and cobalt complexes. 
It is also noted, although in this case the significance is 
marginal, tha~ for the three molecules> the C(2)-C(3) bond is 
slightly longer than the other C-C single bonds. Any 
correction for the moderate thermal motion of t~seatomswould 
only lengthen this bond. Although the pyridyl ring maintains 
planarity, carbon atom C4 is pushed,by the ethyl linkage, 
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0 
from the pyridy1 plane by 0.130(10) A (0.105(21) and 
0 
0.108(25) A). Figure 3.4 best illustrates this. In 
addition, ligation of the pyridyl group is not symmetrical. 
Firstl~ the ring is rotated about its normal- L(Fe-N(3)-
C(5)) = 125.5(7) 0 (12&.1(15) 0 and 127.1(15) 0 ) and 
L{Fe-N(3)-C(9)) = 114.6(7) (116.2(15) and 115.0(15) 0 ). 
Secondly, the ring is tilted with respect to the Fe-N(3) 
vector so that the iron atom is displaced from the pyridyl 
0 0 
plane by 0.516(1) A (0.293(3), and 0.120(3) A). Figure 
3.4 also shows this. 
The pyridyl group 1s oriented with respect to the 
"salen" component such that the torsional angle c(N(1)-Fe-
N(3)-C(5)) is 31.4(8) 0 (29(2) 0 and 27(2) 0 ), and c(N(2)-Fe-
N(3)-C(5)) is 45.9(8) 0 (54(1) 0 and 55(2) 0 ). 
A selection of torsional angles for this fragment 
of the molecule is presented in the next section (Table 3.17) 
in the discussion of stereochemical changes accompanying 
oxygenation. 
Concluding Remarks 
The structure of Fe(salen-C 2H4-py) is generally 
si~ilar to those for the two crystallographically independent 
molecules of Co(salen-C 2H4-py). Significant differences in 
stereochemistry exist between the three structures although 
the differences between the two cobalt molecules are much 
.smaller. In common with a number of other high-spin cobalt 
complexes, but not in common with any low-spin cobalt Schiff-
base complex, the high-spin Fe(salen-C 2H4-py) molecule has 
a considerably distorted trigonal-bipyramida~ coordination 
geometry. 
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3.2 The Crystal and Molecular Structure of the Dioxygen 
Adduct of a,a'-{2-(2'-pyridy1)ethyl}ethylenebis-
(salicylideniminato}cobal t (II), reo (salen-C 2!:!_4 -py-
iQ_2)].CH3CN. 
In this section the structure of [Co(salen-C 2H4-py) 
(0 2)] .CH3CN is described and discussed. Although there are 
now a number of very precisely determined dioxygen adducts 
of cobalt-Schiff base. complexes, this complex has several 
interesting features, some of them related to the axial ligand 
being appended to the Schiff base rather than coordinating as 
a free ligand. The stereochemical changes accompanying oxy-
genation of Co(salen-C 2H4-py) are quite dramatic. 
Cobalt-dioxygen adducts are generally represented as 
. III -
cobalt(III)-coordinated superox1de, Co -02 species. In 
§3.2.1 evidence for and against this formulation will be 
examined. In §3.2.4 some structural evidence (in addition 
/] 
to the 0-0 separation and Co-O angle) will be presented in 
support of a Coiii_Oz formulation. 
3.2.1. Introduction and Gen~ral ReView 
That the 1:1 dioxygen complexes of cobalt(II) Schiff-
base, porphyrin and corrin ligand systems are best categorised 
as cobalt(III)-coordinated superoxide species rather than 
cobalt(II)-neutral dioxygen species has been widely accepted 
since the first detailed characterisations of the complexes 
in 1969-70 58 - 66 . The infrared and structural studies on 
. -1 0 
the 0~0 bond (v(0-0) ~1130 em , r(0-0) ~1.29 A and L(Co-0-0) 
. 0 ~120 ), which were reviewed in Chapter 2, if not indicating 
actual superoxide character, certainly indicated that on 
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coordination dioxygen loses characteristics of the free 
molecule and acquires characteristics similar to the free 
superoxide anion. Comparison of the parameters for these 
superoxo complexes with those for peroxo complexes makes 
the assumption that coordinated dioxygen has actual super-
oxide character more plausible even if it is not strictly 
justified. Because of their paramagnetism (S=~) , the 
location of the odd electron of superoxo-cobalt complexes 
has been intensively probed using ESR spectroscopy. There 
has been little doubt that the unpaired electron resides 
almost exclusively on the dioxygen ligand. But to conclude 
that the transfer of unpaired electron density from cobalt 
on to dioxygen equates with a nett transfer of electron 
density to give a [diamagnetic d6 cobalt(III)] - [paramag-
netic (S=~) superoxide] species is again unjustified. This 
assumption, commonly made, has only recently been challenged15 
and tested19 . 
Furthermore, inferences drawn from spectroscopic data 
about the nature of the coordinated dioxygen molecule must 
be made with recognition of .two possibilities. Firstlyt that 
differences between a five-coordinate cobalt(II) species and 
_) 
its six-coordinate dioxygen adduct· and, also, similarities 
betw~en such an adduct and a genuine six-coordinate cobalt(III) 
complex, may, in both cases, be attributable to intrinsic 
geometrical factors rather than to a major electronic reorg-
anisation specifically associated with coordination of 
dioxygen. 
Because of their lower susceptibility to irreversible 
oxidation of the kind that plagues iron-dioxygen systems 
(§4.1), these 1:1 cobalt-dioxygen complexes with angularly 
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coordinated dioxygen have been studied as models for the 
oxygen-binding cobalt-substituted haemoglobins and as 
possible models for native haemoglobin in the absence--
only recently rectified- of iron-dioxygen models. 
It is with the qualifications of earlier paragraphs 
in mind that various lines of evidence for and against a 
Co 11 I-o; formulation will be presented. 
ESR Results 
Literature on ESR studies of 1:1 cobalt-dioxygen 
complexes is voluminous. A representative collection of 
hyperfine parameters from such studies on the free super-
oxide and peroxy radicals, and on five~and six-coordinate 
cobalt(II) complexes, including dioxygen adducts, are 
presented in Table 3.8. Despite the variation in quad-
ridentate ligand system L and axial base B, there is consider-
able uniformity in ESR parameters (including g values) among 
cobalt-dioxygen complexes. ESR spectra of 1:1 cobalt-
dioxygen adducts have a characteristic 8-line cobalt (I=7/2) 
hyperfine structure. 
Coordination of dioxygen to Co(acacen)(py) is accom-
panied by a large decrease in the A~0 hyperfine coupling 
constant from ~9SG to ~zaG and loss of 14N superhyperfine 
structure62 (a). This has been interpreted as evidence for 
a much decreased interaction of the unpaired electron with 
the cobalt nucleus. It was assumed, correctly as it happened, 
that the unpaired electron had taken up residence on the 
dioxygen ligand; the extent of such transfer of unpaired 
electron densit~which was assumed to correspond to a nett 
116. 
Table 3,8 I 59 Co, 170, HN hyperfine parameters (in Gauss) for superoxide ion, 
pcroxy radicals 
Compound Co 
-Au -Alo 
170 _- in KCld'e. 2 
t-Du-o-17o• 
R-17o-170 
f 
Co(p-OCH3TPP) (py) -84.4 +11 
9 
Co(TPP) (02 ) -12.5 +29.5 
Co(p-OC!!,TP~) (py) 2 -63 +55 
Co(p-ocH3TPP) (py) (02) +17.1 +11.8 
i 
Co-Mb02 ,co-l!b02 +16 (+) 9 
17 Co(bzacen) (py) ( o 2) 
_;j _;j 
17 Co/NH3/ 02/Y-zeolite (+)17.8 (+)12.5 
11- (o2 ,trn2 ) [co (NH3 ) 4] ~+ 
Ill· 
Resonance condition l!i=hv/(giajl leads to 
-1 
conversion factor for hfcc from em to Gauss. 
b . Signs of co hfcc derived in ref (19]; those 
• signs parenthetically enclosed obtained by 
analogy with the signs of closely related 
complexes. 
c 1 Unless directly observed aiso = J(Ax+Ay+Az)= 
1 3<1) +2A.J; values so calculated in parentheses. 
.d When oxygen atoms non-equivalent, terminal 
oxygen hfcc quoted second; assignment by 
analogy with t-Bu-o-17o. 
.e 17 -Except for o2 in KCl when Ax' Ay' Az resolved, 
only A~ component observed for co-02 species; 
- • lD · foro; in K2s 2o81nv Ax•75.7, Ay•O, Az•-14, 
l"ieoi • 20.5G. 
and cobalt 
Co 
-a . iso 
(20.6) 
(15.5) 
(15.8) 
(13.6) 
(11.3) 
(+) 12.8 
(14.3) 
(+)12.4 
dioxygen complexesa,b,c. 
lA~ I IA11d,e lao ld,e iso Raference 
+69.3,-0,16.2 (27.5) [m] 
-,23.5 [114] 
60,88 14.o; 21.8 [115,116] 
15.6 [63] 
_h [m] 
11,2 [63] 
_h [63] 
_h 65,93 (22,31) [213,229] 
_h 60,88 21.61< t\l) 1 1\~l 
_h 60,80 (20,27) \Wil 
_h 22.5 tiLv] 
f. R-tetralin for Al' R=t-Bu for aiso 
q. Assuming la~0 I similar to that for 
· · 
80 62(a) Co(acacen) (02) (13.3G) yields 
. Co Co 
relative 
signs A- and A.L and thence Co ai for Co(TPP)(o2). so Aco Slight rhombic distortion in 
Ai•~(A +A ) • 
.,.. X y 
h. Not observed 
i resolved; 
59 229 17 213 i, Co hfcc for co-Mb02 , 0 hfcc for Co-l!b02 
j, Not reported but for Co(bzacen) (py) C02) 
.1Aj_0 !•19.69, IA~0 I =10, 7G, la~~ol=13 , 7G 
k. Oxygen atoms magnetically equivalent on ESR timescale 
in liquid solution. 
transfer of electron density, was calculated to be ~so -
~go%62(a). 
The first assumption of residency was verified by 
17 ·o O(I=S/2) studies which, through the magnitude of the A 
hyperfine splitting, showed the unpaired electron density 
on the dioxygen ligand to be very similar to that for 
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d . l 117-119,213 Al h h b" "f" peroxy ra 1ca s . t oug su Ject to ver1 lC-
ation it is reasonable to assume, by analogy with peroxy 
radicals 114 , that the unpaired electron .was apportioned to 
the terminal and coordinated oxygen atoms in the ratio 0.6: 
0.4 (see also Table 3.8). Oxygen~l7 isotope studies on 
cobalt-substituted haemoglobin have shown that the 17o 
hyperfine splitting is confined to the perpendicular aniso-
tropic component A1 213 
However the second assumption concerning the nett 
electron transfer apparently leads to inconsistencies, which 
were noted by Tovrog, Kitko and Drago 19 Analysis of the 
hyperfine anisotropy for six-coordinate cobalt-dioxygen 
complexes led to the conclusion that the unpaired electron 
was residing in a molecular prbital with approximately 10% 
metal-3d character 62 (a). But when the hyperfine parameters 
of six-coordinate complexes of the· type Co(L) (B) 2 were 
compared with those of its dioxygen derivative (ostensibly 
a comparison that is no less rigorous than the Hoffrnan-
Diemente-Basolo analysis 62 (a))the metal-3d character of the 
unpaired electron was calculated to be approximately SO% 19 , 63 
Table 3.8 lists a selection of parameters pertinent to the 
,, 
above remarks. It may be noted that whereas it is only the 
. 118 0 
Af0 hyper fine sp1i tting (but not A.~~) which is· markedly 
less for the comparison of complexes 
and Co(L)(B) 6Z(a), for comparison of 
of the types Co (L) (B) (02 ) 
Co(L) (B)(o 2) and Co(L) (B) 2 both 
63 the dioxygen complex . 
A co 
l 
complexes of the types 
and ACo are less for II 
In addition to noting apparent inconsistencies in 
earlier interpretations on the location of the unpaired 
electron,Tovrog, Kitko and Drago have proposed a different 
mechanism for the reduced 59 co(I=7/2) hyperfine coupling and 
the very large 17 o(I=5/2) hyperfine coupling. They initially 
reported that the ESR parameters for the dioxygen, carbon 
monoxide and isocyanide adducts of a five-coordinate cobalt(II)-
S h . ff b d . . . d . 115 c 1-- ase er1vat1ve were 1 ent1ca . The report of a 
carbon monoxide adduct occasioned some surprise~ that adduct 
was soon shown to be an artefact due to the presence of 
d . . 1 b "d 18 1oxygen 1n t e car on monox1 e . However, the conventional 
interpretation of the cobalt hyperfine parameters was 
questioned. More recently, in a detailed analysis of the 
ESR parameters for series of dioxygen complexes of cobalt 
Schiff-base, porphinato and glyoximato derivatives, they 
deduced that, while unpaired electron density resides entirely 
on dioxygen, the nett electron transfer varies from 0.1 to 
0.8 electrons - a much wider range than previously calculated19 . 
They postulated that the appearance of cobalt hyperfine 
coupling arises not through ~ backbonding from ~*(0 2 ) to 
metal 3dxz,yz orbitals but through a spin polarisation 
mechanism. 
Table 3.9 Calculated nett electron transfer for some 
a 
cobalt-dioxygen complexes . 
Compound 
Co(acacen) (py) (0
2
) 
Co (salDAPE) (02 ) 
Co (DMGH) 
2 
(py) (0
2
) 
Co(acacen) (py) (o2 ) 
a 
b 
Reference [19] 
Reference [214] 
Nett Transfer 
coi~o2 , (electrons) 
0.1 
0.4 
0.2 
0.6 
0.7 
0.3 (Calculated quantum 
mechanically. )b 
119. 
120. 
The former .rationale 62 (a) for the appearance of cobalt 
hyperfine splitting is more widely accepted. The latter 
hypothesis 19 has gained credence but not proof through the 
recent appearance of molecular orbital calculations for Co(acacen)-
(NH3) (0 2)
214
, which predicted relatively small spin densities in 
metal d orbitals and an electron transfer from cobalt to 
xz,yz 
dioxygen of an amount similar to that derived by Tovrog, Kitko 
19 
and Drago for Co(acacen) (py) (0 2) . This and other molecular 
orbital studies on cobalt-dioxygen systems will be described in 
Chapter 6. 
Table 3.9 lists a number of dioxygen adducts and the 
calculated nett transfer of electron density from cobalt onto 
dioxygen. Thus while a Coiii_o; formulation is still approp-
riate for many complexes it would appear to be inadequate for· 
some. Complexes with weak axial ligands,such as H2o or 
R..,O,.....R, are ch·aracter1' sed b t f f 1 t d · t 1 y a rans er o e ec ron ens1 y ess 
than 0.5; strong a donors appear to enhance electron transfei. 
However the quadridentate equatorial ligand system appears to 
play a major role as well; witness the differences in nett 
electron transfer between the Schiff-base and glyoximato com-
plexes with identical axial bases. It must be noted that the 
Tovrog-Kitko-Drago analysis is not without assumptions which 
deserve close scrutiny. 
The detection, by ESR spectroscopy, of complexes of the 
type Co (TPP) (CO), Co (TPP) (0 2), Co (TPP) (CO) (0 2) Co (TPP) (B) (0 2) 
but not Co(TPP) (B)(C0) 121 also indicates that for a six-coord-
inate carbonyl adduct to form some transfer of electron density 
( 'f' 11 3d 2) h . . C III 0- f 1 . spec1 1ca y z must occur; t at 1s a o - 2 ormu at1on 
pertains. For the five-coordinate carbonyl adduct the 3dz2 
121. 
electron can be concentrated trans to carbon monoxide as a 
"phantom" ligand. 
End-on bent bond geometry for the metal-dioxygen moiety 
was deduced from ESR parameters and infrared data (specifically 
the observation of a prominent infrared active 0-0 stretching 
mode ruled out linear coordination) 62 (a). This prediction was 
confirmed by the crystal structure of Co(bzacen) (py)(o 2)
126
. 
S b 170, . d' 118,119,213 h' h h d h u sequent 1sotope stu 1es ,w 1c s owe t e two 
oxygen atoms to be magnetically inequivalentJunequivocally 
precluded the triangular mode of coordination which had been 
tentatively proposed on the basis of ESR mea.surements for cobo-
globins215 and a Co(gly) 2 (imid) (0 2) species
216 
X-ray Photoelectron Spectroscopy 
The results of X-ray photoelectron studies (also known 
as ESCA-electron spectroscopy for chemical analysis) on cobalt--
Schiff base complexes have also been used to infer a 
. . 217 218 formula t1on ' . Co 2p 312 binding energies increased 
. 218 
0. 9-1. 9 eV when cobalt (I I) complexes were oxygenated - a 
result consistent with an oxidative addition of dioxygen. 
h f b · d · · h b d19 · d T e range o 1n 1ng energ1es as een note as ev1 ence 
for marked differences in the amount of electron transfer, Co+0 2 . 
Furthermore,the binding energies of the dioxygen adducts were 
similar to six-coordinate cobalt(III) species. In the absence 
of binding energies for "bona fide" six-coordinate cobalt (I I) 
species these results must remain somewhat ambivalent. The 
dioxygen ls 1 peak was separated from other peaks and compared 
'2 
218 
with a ~-peroxo type complex ; the higher binding energy of 
the former suggested greater negative charge on the latter. 
lZZ. 
Linear Free Energy Correlations and SolVent Effects 
Positive correlations for a range of ligands and axial 
bases, have been observed219 ,ZZl between the stability constants 
of dioxygen adducts formed thus 
Co(L) (B) + 0
2 
~ Co(L) (B) (0
2
) R3.1 
and the ease of oxidation as measured by cyclic voltametry for 
the reaction 
III ~ II Co (L) (B) 
2 
+ e .,.-- Co (L) (B) 2 R3.2(a) 
or 
III ~ II Co (L) + e Co (L) R3.2(b) 
Furthermore, Hammett plots of substituent constants for para-
substituted tetraphenylporphyrins versus, firstly, E1 values for 
";! 
II · the one-electron oxidation of Co (p-X-TPP) and, secondly, versus 
equilibrium constants for the formation of a dioxygen adduct of 
Coii(p-X-TPP) (py) in toluene at Z0°C are linear with slopes (p) 
of the same sign.ZZl The correlation is such that electron-
donating substituents favour oxidation and oxygenation (that is 
p is negative under the sign convention used). That the oxid-
ation reaction is more sensitive to substituent effects than the 
oxygenation reaction indicates an ·incomplete removal of a 
cobalt electron for the latter reaction. It may be noted that 
the derivation of p for the oxygenation equilibrium at Z0° was 
obtained by extrapolation of results obtained at lower tempera-
tures where p was considerably more negative; accordingly,at 
sufficiently high temperatures p will become positive (e.g. in 
. . Z0° butyronitrile solvent, p = +0.04). It may also be noted 
that whereas electron-donating substituents encourage oxidation 
123. 
or oxygenation (P negative) such substituents discourage 
coordination of an axial base 
Co II (L) + B ~ Coii (L) (B) R3.3 
Correlations between the basicities of para-substituted 
pyridines and the oxygen affinities of associated five-coordinate 
cobalt(II) Schiff-base 61 or porphyrin 222 complexes have been 
established. Stronger bases such as 4-NH 2-py (pKa=9.30) 
enhance the formation of the dioxygen adduct compared with weaker 
bases such as 4-CN-py (pKa=1.86); their presumed-greater donor 
power facilitates transfer of electron density onto dioxygen. 
Th 1 . h b d . d 2 2 3 d . . 1 d f 1 d 2 2 4 e corre at1on as een 1spute an v1gorous y e enae . 
Moreover it was found 222 that the oxygenation reaction R3.1 was 
more sensitive to ligand basicity than the ligand addition 
reaction R3.3. It is also observed that imidazole-based 
dioxygen complexes were more stable despite the lower basicity 
f . 'd 1 d b . d 'd' 222 . 'd' o ·1m1 azo es compare to some su st1tute pyr1 1nes ; p1per1 1ne-
based dioxygen adducts were less stable than would be expected 
f h . b . . . 222 rom t e1r as1c1t1es . The different steric requirements of 
pyridine (6-membered ring), imidazole (5-membered ring) and 
piperidine (sp 3-hybridised nitr~gen leading to tilted coordination 
/ 234 235 . . Co-~ ' ) may be respons1ble for the d1fferences. I . H . 
Porphinato cobalt(II) derivatives display a much lower 
affinity for dioxygen than the sulphur-containing thiosalicyli-
deniminato cobalt(II) derivatives, and both of these types display 
a lower affinity for dioxygen than Schiff-base ligands 219 . 
Porphyrins are more highly regarded than Schiff basesfor their 
ability to delocalise electron density that could otherwise be 
availible for transfer onto dioxygen 222 (a). It is this factor 
which had led to the use of Schiff-base ligand systems as 
models for the porphyrin ligand of biological systems. 
For the not.unrelated ll-peroxo complexes, a linear 
relationship has been observed between the stability constant 
of the dioxygen adduct and the sum of the : pK~'s (i.e. the 
total "basicity" or "clonicity") of the supporting ligands 220 . 
It is also observed that polar solvents enhance the 
225 
stability of the dioxygen adduct this is consistent with 
124. 
the greater stabilisation afforded a polar Co 11 ~o; species by 
more polar aprotic solvents. 
These correlations provide cogent evidence for transfer 
of electron density from cobalt onto dioxygen, although the 
nett amount of such transfer has not been de{ermined. 
Other Thermodynamic Considerations 
Identical cobalt-dioxygen adducts of vitamin B12 (as 
evidenced by ESR parameters) have been produced by reaction of 
'vitamin B12r (Co
11 ) with dioxygen and vitamin B12a (aquocobalamin 
C II I. ) .. h . d . 8 3 o Wlt superox1 e an1ons 
The equilibrium constant- for the reaction 
~ III -Co(TPP) (py} (0
2
) Co (TPP} (py) + 0
2 
. -12 -17 -1 221 has been estimated to be in the range 10 - .-10 M ; 
in contrast the equilibrium constant for the reaction 
_____..l. II Co (TPP) (py) (0
2
) ~ Co (TPP) (py) + 0
2 
is ~10~ 0 · 6 M- 1 at 20°C. 221 . That the transfer of charge 1s 
. 1 . f d221 1ncomp ete was 1n erre . 
125. 
Electronic Spectra 
A detailed analysis of the spectra of the not unrelated 
[ J S+ [ ~-dioxygen complexes (NH 3) 5Co(0 2)Co(NH 3) 5 and ·ccN) 5co(02)-
Co(CN)5]5- "conclusively establishes the presence of low-spin 
d6coiii centres in the ground states of the decaammino and 
decacyanide. The ~*COz) level is split into a filled in-plane 
. 1 d . b d' . h III d k component 1nvo ve 1n strong a on 1ng w1t Co an a wea ly 
122 ~-bonding, half-filled, out-of-plane component", . 
Concluding Remarks 
Taken together the various independent lines of evidence 
strongly support a cobalt(III)-coordinated superoxide form-
ulation for many cobalt-dioxygen complexes. Not only does 
the unpaired electron essentially reside on the dioxygen 
ligand but in most complexes, there is also a substantial 
nett transfer of electron density from cobalt onto dioxygen 
so that the cobalt centre acquires features of a cobalt(III) 
oxidation state. 
Recently a new interpretation of ESR parameters 
indicated that the nett transfer of electron density may range 
from ~0.1 to 0.8 electrons. Corroborative evidence, or 
otherwise, in the form of quantitative stereochemical.and infra-
red data on those complexes where the nett electron transfer 
is at one or other of the extremes, is at present not avail-
able. 
· f ·III - . Further evidence in support o a Co -0 2 formulation 
at least for dioxygen adducts of cobalt(II)-Schiff base-
amine derivatives is presented in the next section. 
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3. 2 .. 2 Collection and Reduction of Intensity Data. 
Dark orange-red crystals of the compound shown by 
this an~lysis to be ~o(salen-C 2H4 -py) (0 2)]·CH3CN were prepared 
by a modification of the high pressure oxygenation method of 
reference [10]. .It was found that by cooling and deoxygenating 
the acetonitrile solvent prior to addition to Co(salen-C 2H4-py) 
larger crystals could be obtained. The dioxygen pressure used 
2 was rv200lb in- . , The structure was initially solved using 
data from a smaller crystal to the one used in the final analysis. 
All crystals were obtained as extremely thin approximately 
rectangular plates. Symmetry and systematic absences uniquely 
207 
consistent with the monoclinic space group P2 1(c (No.l4) 
were established by precession photography using Cu Ka X-rad-
iation. 
The crystal selected for data collection had dimensions 
0.42 x 0.35 x 0.01 mm3 with the smallest dimension parallel to 
the crystal b-axis. It was randomly aligbed with respect to 
the diffractometer ~-circle axis. Crystal mosaicities ranged 
from 0.-12° to 0.20° and peak profiles were symmetrical. 
Crystal orientation and unit cell dimensions, 
0 
a= 9.563(2), b = 19.490(4), c = 12.770(3) A, S = 106.04(2) 0 , 
were obtained at 24°C using the standard methods (Appendix 1). 
For Z=4 and empirical formula Coc 23 N30 4H21 ·CH3CN the calculated 
and measured (by flotation) densities were 1.46 and 1.44(1) 
g cm- 3 Elemental analysis --found (calculated): % C=60.2 
(59.7),% H = 5.1(4.8),% N = 11.7(11.1)-- and infrared spect-· 
roscopy-Co(salen-C 2H 4 ~py(o 2 )·CH 3 CN· (neat CH3CN): v(C=N) = 
2260 cm- 1 (2270), o(C-C) = 917 cm- 1 (916 cm- 1) --identified 
the solvate species as acetronitrile. Coordination of 
dioxygen is established by v(0-0) at 1135 cin- 1 . The linear 
absorption coefficient calculated using th6 above formula, and 
for Ho Ka radiation, was 
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8.24 cm- 1 and since transmission coefficients varied between 
0.98 and 0.75 an absorption correction was subsequently applied 
to the intensity data. Excluding systematic absences, 1573 
unique reflections for which 28~36° (i.e. sin8/A=0.43) were 
collected using a symmetric scan range of 1.20° in 2e. The 
scan comprised 60 steps each of one second duration. Background 
counts of 15 seconds were recorded at each end of the scan. 
Three standard reflections well separated in reciprocal space 
and monitored every SO reflections showed a.nett 10% decrease 
over the period of data collection although decomposition was 
not isotropic. There was also a long term power fluctuation. 
Data were appropriately scaled and corrected for Lorentz and 
polarisation effects. Prior to embarking on limited anisotropic 
refinement the absorption correction was applied to the intensity 
data. 
Details on crystallographic theory, techniques used and 
computing aspects may be found in Appendix 1. 
3.2.3 Solution and Refinement of the Structure 
From the three-dimensional Patterson synthesis possible 
coordinates were obtained for the cobalt atom in a general 
position. Least-squares refinement of an overall scale factor, 
with the positional parameters and isotropic thermal parameter 
02 . (B~4.0 A)' held constant for cobalt, led to values for Rand 
Rw of 0.43 and 0.53 respectively. Successive cycles of least-
squares refinement and difference Fmirier syntheses eventually 
established coordinates for the remaining non-hydrogen atoms 
of the Co(salen-C 2H4-py) (0 2) species. The two phenyl and one 
pyridyl rings were initially refined as rigid groups each group 
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having a single isotropic temperature factor; the positional 
and · isotropic thermal parameters of other atoms were not so 
constrained. This model refined, using 665 reflections having 
I>2a 1 , so that 
R = 0 . 17 2, Rw = 0 . 2 0 
Characterisation of the solvate species was uncertain and 
it was at this stage that the author was introduced to this 
structure analysis. After many attempts a larger crystal was 
prepared, a more intense data set was collected, and a careful 
investigation of this and other problems with the structure 
initiated. 
An ill-defined region of electron density not associated 
with the cobalt complex was interpreted with the assistance of 
infrared and microanalytical evidence described in the previous 
subsection as an acetonitriie solvate molecule. 
in the model which was then refined so that 
R = 0.115 and Rw = 0.102~ 
It was included 
The absorption correction was applied and further refinement of 
the model led to values for R and Rw of 0.114 and 0.10~ respect-
ively. Residual el~ctron density around some ato~s, especially 
those in the ethylene-ethyl linkage, which density was revealed 
in a difference FoUrier synthesis, indicated inadequacies in the 
isotropic models used to describe the thermal motions of these 
atoms. Closer investigations of the "trouble spots" were made:-
1. As a result of the abnormally large thermal motion of 
the dioxygen ligand, the dioxygen binding site was examined with 
various Fourier syntheses. An F(obs) Fourier synthesis 
derived from a model without dioxygen could not resolve the two 
atom positions; only an elongated football of electron density 
angled to the equatorial square-plane defined by the Schiff-
s ') ~""""'' s 
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base donor atoms was ~bservable. A difference FourierAderived 
from a model lacking the terminal oxygen atom also indicated 
only the one general 6rientation of the dioxygen ligand. 
Nonetheless, the abnormal thermal parameters of the 
dioxygen ligand are attributable to irresolvable disorder, this 
is discussed further in the next section. In view of the 
limited data available it was considered unprofitable to atterrtpt 
to quantify this disorder since the overall desyription of the 
structure would not be improved. 
2. Difference and F(obs) Fourier synth~ses derived from 
models lacking one or more of the four carbon atoms of the 
ethylene-ethyl linkages failed to indicate disorder. The 
abnormal interatomic separations which occurred during all least-
squares refinements ·of this group using not only the second data 
set but also the original data set were also reproduced in all 
Fourier syntheses. The possibility that the carbon atom of the 
·ethyl bridge that is S to the pyridyl ring was alternately 
bonded to one or other of the two ethylene carbon atoms was 
examined. Such disorder could. have rationalised quite nicely 
the shape and orientation of the anisotropic thermal ellipsoids 
and the interatomic separations ultimately obtained for the 
ethylene-ethyl linkage0. Despite evidence from Fourier 
syntheses that such disorder did.not exist, models incorporating 
·disorder were tested and,· not surprisingly, failed to refine 
sensibly. Moreover the atoms, if moved to more chemically 
reasonable positions drifted back to their former "abnormal" 
positions. The infelicities of this component must be attrib-
uted to the limited and weak data obtained and to the crystal 
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decomposition that occurred. The exotic high pressure 
preparation of the crystals may be another factor. 
For the final cycles of refinement>group constraints 
were removed and anisotropic models for the thermal motion of 
appropriate atoms applied. Hydrogen atom positions for hydro-
gen atoms attached to phenyl and pyridyl groups were calculated 
0 
(r(C-H) = 1.0 A) prior to each cycle of refinement and included 
in Fe as a fixed contributions. This model, specified by 187 
variable parameters, was refined using 915 reflections having 
I>cr 1 , and at convergence the discrepancy factors were 
R = 0.128, Rw = 0.089. 
The standard error in an observation of unit weight was 
1.45 and was independent of 'sine/~· and IF0 1. The p-factor 
for the optimal weighting scheme was 0.07. The final scale 
factor to place calculated and observed structure £actors on 
the same scale was 0.3382(21). There was no evidence for 
secondary extinction among strong low angle reflections. For 
the 665 reflections having I>2cr 1 the discrepancy factors were 
R = 0.088, R. = 0.076. 
w 
In the final cycle, the ratios of the change 1n a parameter to 
its estimated standard deviation were less than 0.2 and 0.4 for 
all positional and thermal parameters, respectively, except for 
the solvate molecule where the ratios were less than 1.0. 
A significant decrease in the estimated standard deviations 
of almost all parameters accompanied the relaxation of constraints. 
During the final cycles of refinement the thermal ellipsoid 
parameters for the ethylene carbon atom C(1) became non-positive 
definite and those for the B ethyl carbon atom alarmingly eccentric.· 
The anomalously short and long interatomic separations of 
earlier models persisted. 
The acetonitrile solvate molecule also behaved poorly 
in both early and final cycles of refinement. Its final 
geometry is somewhat different from that expected for free 
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acetonitrile. Indeed the correct orientation of the molecule 
is uncertain since the middle atom was inclined to drift 
during least-squares refinements. 
The final difference Fourier synthesis calculated using 
all data, including reflections having ~<ai' was flat and had 
- 03 
no peaks greater than 0.76e/A - this is less than half the 
height of the last located carbon atom despite the higher noise 
level of this synthesis because the less precisely measured data 
were also utilised. Residual electron density was mostly 
concentrated around ~tom C(l) which had physically meaningless 
ellipsoid parameters. 
Among the "unobserved" reflections there were no sys~ematic 
discrepancies between 1·F6 ! and IFtl. Moreover for all data 
the intensities of only 14 reflections out of 1573 are c~lculated 
to lie outside the range 
I- 3&I < Ic < I + 3a ]:" 
That several of those reflections were low angle reflects the 
inadequacies 1n the description of the solvate and parts of 
ethylene-ethyl moieties. Table AZ in the Appendix lists the 
calculated and observed structure factors for all data. The 
discrepancy factors for all data were R = 0.24, Rw = 0.093; the 
standard error in an observation of unit weight was 1.168. 
Atom 
Co 
0(1) 
0(2) 
N(l) 
N(2) 
N(3) 
0(3) 
0(4) 
C(lO) 
C(20) 
C(1) 
C(2) 
C(3) 
C(4) 
C(ll) 
C(12) 
C(13) 
C(14) 
C(l5) 
C(l6) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(5) 
. C(6) 
C(7) 
C(8) 
C(9) 
N(S) 
C(Sl) 
C(S2) 
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X 
2231(4) 
4203 (18) 
2406 (18) 
2038(23) 
0242 (24) 
2929 (24) 
166(4) 
130(5) 
304 (3) 
-055(J) 
045(3) 
-035 (3) 
-009(5) 
131(4) 
457(3) 
550(3) 
694 (3) 
748(3) 
650(3) 
499(3) 
-018(3) 
-122 (3) 
-084 (3) 
055 (3) 
158(3) 
130(3) 
241(3) 
303(3) 
420(3) 
478(3) 
407(3) 
-529(5) 
-405 (8) 
-329 (5) 
·Atom 
R(10) 
11(20) 
H(12) 
H(13) 
11(14) 
H(15l. 
H(22) 
·Y 
1745(2) 
2020 (B) 
1333 (8) 
2174 (10) 
1517 (11) 
0868 (11) 
2527 (14) 
3017 (13) 
2456 (13) 
1262 (14) 
2197 (18) 
1713 (22) 
0978 (20) 
0847(20) 
2530 (12) 
2825(14) 
2892(13) 
2702(14) 
2386 (14) 
2299(14) 
1109 (14) 
0837 (15) 
0670(14) 
0705 (15) 
0932 (13) 
1101 (14) 
0521(15) 
-0108 (17) 
-0389(15) 
-0018 (15) 
0570(15) 
1199 (20) 
071(3) 
016(5) 
276 
-162 
514 
760 
853 
691 
-224 
z 
-1579(3) 
-103'3(13) 
-0217 (13) 
-2920(17) 
-2127 (19) 
-2129 (19) 
-100 (2) 
-132 (3) 
-327 (2) 
-160 (2) 
-368(2) 
-332(2) 
-412 (3) 
-404(3) 
-265(2) 
-321 (2) 
-259 (2) 
-152(2) 
-106(2) 
·-155 (2) 
-049 (2) 
-001 (2) 
108(3) 
175(2) 
127 (2) 
016(2) 
-308 (2) 
-321(2) 
-249 (3) 
-152 (2) 
-136 (2) 
-497(4} 
-435 (4) 
-396(4) 
264 
112 
294 
313 
278 
221 
075 
-405 
-203 
-400 
-294 
-113 
-029 
-047 
(a) Non hydrogen atoms 
0114 (6) 
4.9(5) 
4.5(4) 
4.2(5) 
5.2 (6) 
4.6(5) 
042(6) 
. 071(11) 
4.8(6) 
4.5 (7) 
002(4) 
007(5) 
035(9) 
024(8) 
2.9(6) 
5.6(8) 
4.8(7) 
6.3(7) 
4.9 (7) 
4.2(7) 
5.2(7) 
6.1(8) 
6.2(8) 
5.5(7) 
5,0(7) 
4,7(7) 
4.3(7) 
6.7(8) 
7.1(8) 
4.7(7) 
3.8(7} 
047 (11) 
054 (19) 
018(8) 
0032 (2) 
0032(10) 
0023(14) 
0098(20) 
010(2) 
0050(18) 
0066(20) 
0052(19) 
003(3) 
046(10) 
(b)' Hydrogen atoms0 
Atom 
·5.5 HJ23) 
H(24) 
H(25) 
H(6) 
H(7) 
H(O) 
11(9) 
-163 
5.0 
6.4 
5.1? 
7.3 
5.8 
7.1 
079 
259 
261 
457 
570 
440 
0064 (3) 
016(3) 
026(5) 
012 (4) 
007(3) 
18(5) 
012(4) 
045(8) 
022(7) 
017(6) 
!. 
054 
054 
102 
-034 
-084 
-016 
081 
-0004 (3) 
005 (3) 
005 (3) 
-004 (2) 
000(3) 
006(4) 
007 (3) 
001(4) 
-009 (5) 
-001(7) 
140 
252 
174 
-394 
-261 
-097 
-064 
0008 (3) 
-002 (3) 
008(5) 
-006 (3) 
003(3) 
-013(6) 
-009(5) 
031(8) 
018(9) 
-001(5) 
6.9 
6.4 
5.6 
7.5 
8.1 
6.1 
5.1 
a Fractional coordinates .and anisotropic thermal parameters may be generated by placing 
· o. in fran of. first digit, 
0 llydrogcn atom 11(10) is bonded to carbon atom C(10), etc. 
0001 (3) 
-0004(20) 
-001 (2) 
012 (2) 
006(2) 
-009(2) 
-005 (2) 
001(3) 
-003 (3) 
023(7) 
Table 3.11 
Atom 
Co 
0 ( 3) 
0 (4) 
c (1) 
C(2) 
c (3) 
C(4) 
N(S) 
C (Sl) 
C(S2) 
RMS components of thermal displacement 
0 
(in A) along principal ellipsoid axes for 
RMSl .JWS2 RMS3 
0.204(6) 0.239(7) 0.256(8) 
0.22(5) 0.32(3) 0.49(3) 
0.18(7) 0.45(4) 0.57(4) 
a 
0.12(9) 0.18(6) 0.47(5) 
0.05(22) 0.28(7) 0.61(5) 
0.19(8) 0.24(6) 0.52(5) 
0.31(6) 0.33(5) 0.61(5) 
0.16(10) 0.35(6) 0.53(8) 
0.19(9) 0.30(6) 0.99(11) 
a Non-positive definite ellipsoid. parameters but· 
probable shape similar to atom C(2). 
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Final atomic parameters for all atoms are contained in 
Table 3.10. Derived root-mean-square components of thermal 
displacement along the principal ellipsoidal axes are contained 
in Table 3.11. 
3.2.4 Description and Discussion of the Structure 
General Features and Crystal Packing 
The crystal structure consists of neutral monomeric 
molecules of the complex, (dioxygen) a,a'-{2-(2'-pyridy1)ethyl)}-
ethylenebis(salicylideniminato)cobalt, and an ill-defined solvate 
molecule, acetonitrile. Figure 3.7 illusirates the complex and 
defines the atom labelling system. Figure 3.8 shows the packing 
of the molecules with respect to the unit cell. 
The complex comprises an approximately planar quadriden-
tate Schiff-base specie~N,N'-ethylenebis(salicylideniminato)) 
with the coordinated pyridyl group attached to the ethylene bridge 
by an ethyl group. Approximately octahedral coordination about 
the cobalt centre is completed by the dioxygen ligand which is 
coordinated in the end-on bent bond mode that is now well-
established for complexes of this type123 - 126 Bond lengths 
and angles are listed in Tables 3.12 and 3.13 respectively. 
0 /0 
The 0-0 separation is 1.06(3) A and the Co-O angle is 134(4) 0 
but these parameters are not considered to be the actual bond 
length or angle (see below). 
Chemically equivalent bond lengths (and angles) for the 
two salicylideniminato residues display statistically insignif-
icant differences. Moreover, the pattern of three long and 
three short phenyl bond lengths observed in other structures 
ITable 3.2 Figure 3.~ is observed despite the low precision of 
Figure 3.7 
Figure 3.8 
135. 
Stereoscopic diagram of Co(salen-c2H4-py) (02). 
The thermal·ellipsoids are drawn at the 30% 
probability level. 
b 
c a 
Stereoscopic ,diagram of the packing of 
Co(salen-c2H4-py) and CH3CN with respect 
to the unit cell. 
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this analysis which generally renders insignificant the 
differences between the short and long bonds of this structure. 
Intermolecular separations, not involving hydrogen atoms, 
0 
less than 3.40 A include 0(2) ... C(lO) 3.36(3), C(lO) ... 0(3) 
0 
3.37(4), C(20) ... C(l4) 3.40(4) and N(S) ... C(S2) 3.11(9) A. 
The first two separations are somewhat shorter than van der Waals 
0 
contact separations (~3.4 A). The last separation involves 
atoms with very high thermal motion; some disorder is likely to 
relieve this close contact. Intermolecular contacts less than 
0 
3.75 A are contained in Table 3.14. 
The Co-0 2 Moiety 
0 
With free molecular oxygen having a bond length of ~1.21 A 
(see §2.1.1) the 0-0 separation obtained must, therefore, be 
considered an unrealistically short bond length. The Co-0(3) 
0 
separation 1.84(3) A, is shorter, but not significantly so, than 
the separations observed for other salen derivatives and Co(bzacen)-
(py) (0 2) (Table 2. 2) . If atom 0(4) is assumed to ride on atom 
0 
0(3) the corrected 0-0 separation is 1.13(4) A, and if atom 0(3) 
is assumed to ride on the cobalt atom the value for r(Co-0(3)) 
0 
becomes 1.90(3) A. Since the thermal motion of the cobalt atom 
is not extravagant the latter correction is valid. However, to 
apply the riding model to the 0-0 separation is inappropriate 
since both atoms exhibit high thermal motion. If these atoms 
are assumed to move independently the value for r(0-0) is 
0 
increased to 1.45(2) A. Disorder of the dioxygen ligand may be 
inferred from the eccentricity and orientation of the thermal 
ellipsoids (Table 3.11, Figure 3.7), and from the near eclipsing 
configuration that the dioxygen ligand adopts with respect to 
137. 
0 
Table 3.12 Bond distances (in A) for ~o(salen-c2H4-py)-
(o2)] ·CH3CN. 
Atoms Distances Atoms Distances 
Co-O (1) 1.898(16) Co-0(2) 1.882(16) 
Co-N (1) 1. 868 (21) Co-N (2) 1.889(22) 
Co-0(3)a LB4 (3) Co-N(3} 2.029 (22) 
N (1) -c (1} 1. 56 (3} N ( 2) -c (2) 1.52 (3) 
N (1) -c (10) 1.29(3) N(2)-C(20) 1. 25 (3) 
0(1)-C(16) 1. 25 (3) 0(2)-C(26) 1.35(3} 
0(3}-0(4) 1.06(3) N(3)-C(5) 1.36(3) 
C(1)-C(2) 1.37(3) N(3)-C(9) 1.38(3) 
c (2) -c (3) 1.82(4) C(5)-C(6) 1.39(3) 
C(3)-C(4) 1.34(4) C(6)-C(7} 1.36(3) 
C(4)-C(5) 1.52(4) C(7)-C(8) ·1.41(3) 
C(8)-C(9) 1.38(3) 
C(10)-C(ll) 1. 47 (3) C(20}-C(21) 1.40(3) 
C(11)-C(12) 1.41(3) C(21)-C(22) 1.42(3) 
C(12)-C(l3) 1.39(3) C(22}-C(23) 1.37(3) 
C(13)-C(14) 1. 37 (3) C(23)-C(24) 1. 37 (3) 
C(14)-C(15) 1.38(3) C(24}-C(25) 1.38(3} 
C(15)-C(16) 1.42(3) C(25)-C(26) .1.41(3} 
C(11)-C(16) 1.42(3) c ( 21) -c < 2 6 ) 1.42(3) 
N(S)-C(S1) ·1.56(6) C(S1)-C(S2) 1. 32 (8) 
0 
a 1.90(3) A when corrected for riding motion. 
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Table 3.13 Bond angles (in °) for [co(salen-c2H4-py)-
(o2)] ·CH3CN. 
Atoms Angles Atoms Angles 
N(l)-Co-0(2) 178.5(9) N(2)-Co-0(1) 177.2(9) 
N(l)-Co-0(1) 92.5(9) N(2)-Co-0(2) 93.7(9) 
0(1)-Co-0(2) 87.6(7) N(l)-Co-N(2) 86.1(10) 
N(l)-Co-0(3) 91.7 (11) N(2)-Co-0(3) 87.8(12) 
0(1)-Co-0(3) 89.8(12) 0(2)-Co-0(3) 86.9(11) 
N(l)-Co-N(3) 91.1 (9) N (2) -co-N (3) 93.9(9) 
O(l)-Co-N(3) 88.6(8) 0(2)-co..:.N(3) 90.4(8) 
co-o(3)-o(4) 134(4) 
Co-N(l)-C(1) 114.3 (15) Co-N(2)-C(2) 111.8 (17) 
co-N (1) -c (10) 128.2(20) Co-N(2)-C(20) 127(2) 
Co-0(1)-C(16) 127.8(18) Co-0(2)-C(26) 126.2(16) 
C(1)-N(1)-C(10) 118(2) C(2)-N(2)-C(20) 122(2) 
N(1)-C(1)-C(2) 108.2(20) N(2)-C(2)-C(1) 115(3) 
N(1) -c (10) -c (11) 125(3) N(2)-C(20)-C(21) 127(3) 
0(1)-C(16)-C(15) 120(3) 0(2)-C(26)-C(25) 119 (3) 
0(1)-C(16)-C(11) 127(3) o (2) ·- ·C (26) -c (21) 122(3) 
C(10)-C(11)-C(12) 116 (3) C(20)-C(21)-C(22) 121(3) 
C(l0)-C(11)-C(16) 118 ( 3) C(20)-C(21)-C(26) 122 (3} 
C(12)-C(ll)-C(l6) 126(3) C(22)-C(21)-C(26) 117(3) 
C(ll)-C(12)~C(13) 114 (3) C(21)-C(22)-C(23) 120(3) 
C(l2)-C(l3)-C(14) 126(3) C(22)-C(23)-C(24) 124(3) 
C(l3)-C(14)-C(15) 115(3) C(23)-C(24)-C(25) 115 ( 3) 
C(14)-C(15)-C(16) 126(3) C(24)-C(25)-C(26) 124(3) 
C(15)-C(16)-C(l1) 112 ( 3) C(25)-C(26)-C(21) 118 (3) 
C(1)-C(2)-C(3) 100 (3) co-N (3) -c (5) 131 (2) 
N (2) -c (2) -c (3) 107(3) Co-N(3)-C(9) 112.2(19) 
C(2)-C(3)-C(4) 113 ( 3) C(5)-N(3)-C(9) 117 (2) 
C(3)-C(4)-C(5) 127(4) N(3)-C(5)-C(6) 119 ( 3) 
. c ( 4) -c ( 5) -c ( 6) 119 ( 3) N(3)-C(9)-C(8) 125 (2) 
C(4)-C(5)-N(3) 121(3) C(5)-C(6)-C(7) 125 (3) 
N(S)-C(S1)-C(S2) 163(5) C(6)-C(7)-C(8) 116(3) 
Table 3.14 
Atoms 
O(l) ••• C(l2) 
0 (1) ••• N (8) 
0(2) ••• C(l0) 
0(2) ••• C(l2) 
N (2 ) ••• C ( 14) 
C(l0) ••• 0(3) 
C(lO) ••• C(25) 
c (10) ••• c (26) 
C(20) ••• C(l4) 
C(1) ••• 0(3) 
c (1) ••• 0 (4) 
C(3) ••• C(82) 
c (4) ••• 0 (4) 
0 (4) ••• c (24) 
0 (4) ••• N (8). 
0 (4) ••• c (14) 
Non-hydrogen intermolecular contacts 
0 
(<3. 75 A) for [co (salen-c
2
H
4
-py) (o
2
)] • 
CH 3CN. 
Distances Atoms Distances 
3.69(3) N(8) ••• C(82) 3.11(9) 
3.71(4) N(8) ••• C(l6) 3.61(5) 
3.36(3) N(8) ••• C(l5) 3.71(5) 
3.72(3) C (82) ••• C (81) 3.31(7) 
3.75(3) C(82) ••• C(7)' 3.59(6) 
3.37(4) c (82) ••• c (82) 3.65(10) 
3.42(3) c (82) ••• c (24) 3.68(6) 
3.58(4) c (82) ••• c (6) 3.69(7) 
3.40(4) C (81) ••• C (81) 3.47(8) 
3.52(4) C (81) •.• C (6) 3.70(5) 
3.71(5) c (12) ••• c (7) 3.59(4) 
3.51(8) c (13) ••• c (7) 3.53(4) 
3.66(6) c (15) ••• c (22) 3.75(4) 
3.44(4) c (21) ••• c (23) 3. 73 (4) 
3. 58(6) c (8) ••• c (9) 3.69(3) 
3.64(5) 
139. 
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the Co-N(l) bond; T(N(l)-Co-0(3)-0(4D is 3.8° and r(N(l)-0(4)) 
0 
is only 2.86(4) A. ·quantitatively, the RMS components of thermal 
displacement, parallel to the O(l)-N(2) vector, for atoms 0(3) 
0 
and 0(4) are 0.42(3) and 0.55(4) A, respectively; these may be 
compared with the RMS components along the principal ellipsoid 
0 
axes 0.22(3), 0.32(3), 0.49(3) A for atom, 0(3) and 0.18(7), 
0.45(4) and 0.57(4) for atom 0(4). Disorder of atom 0(3) involv-
0 
ing a displacement of ~0.4 A from its mean refined position along 
0 
the O(l)-N(2) vector would lengthen r(Co-0(3)) to 1.88 A and 
0 
r(o~o) to 1.13 A. Such canting of the bonded oxygen away from 
the normal to equatorial plane formed by ligand atoms N(l), 0(1), 
N(2), 0(2) has been observed124 . Further similar disorder of 
atom 0(4) along the vector N(2)-0(l) would lengthen r(0-0) to 
0 
~1.3 A and sharpen L(Co-0-0). 
Notwithstanding the disorder of the terminal oxygen atom, 
0 
the report 300 of a bisecting conformation for the Co-O/ group 
is incorrect. The data do not justify any attempt to futher 
·quantify this probable disorder. Disorder of a similar nature 
has been inferred for cobalt-nitrosyl compounds where distinctive 
thermal motion coupled with abnormal bond distances and angles 
226-228 ~ompared to related compound~ has been observed . 
The Ethylene-Ethyl Bridge 
The geometry of the ethylene-ethyl linkage is not well 
defined. When the parameters describing the non-positive 
definite thermal ellipsoid of atom C(l) are adjusted by, at most, 
one estimated standard deviation, the physically meaningful 
thermal ellipsoid thereby created has a similar aspect to that 
for C (2) (as depicted in, Figure 3. 7.). Disorder between two 
gauche conformations has been observed in several related 
complexes 126 (b), 23.0 where there is similar pronounced 
thermal motion perpendicular to the equatorial plane. 
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However, the attached ethyl group at atom C(2) would appear 
to render this sort of.disorder unlikely, and furthermore, 
no evidence could be found for alternative attachment of the 
ethyl group to atom C(1). Model building does indicate 
that despite the ethyl pyridyl group, which is attached to 
atom C(2), atdm C(1) still possesses considerable conform-
ational freedom which is transmitted to atom C(3) leaving 
atom C(2) relatively fixed. ·But while this may rationalise 
the exotically shaped thermal ellipsoids for atoms C(1) and 
C(3) it explains neither the abnormally long C(2)-C(3) (1.82(4)-
o 0 
A) not the abnormally short C(3)-C(4) (134(4) A) separations. 
Possible factors influencing these are mentioned in §3.2.3. 
It is noted however that the C(2)-C(3) separation in the five-
coordinate precursor is apparently slightly lengthened 
(Table 3.2). 
The possibility that this bond is severely stretched 
cannot be excluded; the conditions under which the dioxygen 
adduct is obtained are not conventional. As'the two 
salicylideniminato fragments display no inconsistencies 
between bond lengths and angles that are chemically equivalent, 
it is considered unlikely that the refinement has converged to 
a false minimum. 
Geometrical changes which occur in the ethylene-ethyl 
linkage as a result of oxygenation will be examined below. 
Conformational Aspects of the Complex 
Least-squares planes of selected groups of atoms, and 
deviations of those atoms therefrom (Table 3.15), and angles 
between planes (Table 3:16) are tabulated. 
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In contrast to its five-coordinate precursor, the dioxygen 
adduct Co(salen-C 2H4-py) (0 2) not only has a square planar arrange-
ment of the Schiff base donor atoms but the two salicylideniminato 
fragments are approximately coplanar : the maximum displacement 
of atoms N(1), 0(1), N(2), 0(2) from their least-squares plane 
0 
is only 0.008(22) A; the dihedral angle between the two phenyl 
groups is 5.7° and between the two chelate rings 5.6°. The 
salicylideniminato residues adopt a "step" conformation. The 
two such residues Sal-1 and Sal-2 which are both approximately 
planar (Table 3.15) are inclined 6.0° and 11.4°, respectively, 
to the equatorial ligand plane, and 5.5° with respect to each 
other. Such buckling, which has also been observed in other 
complexes 183 including the dioxygen adduct of Co(t-Bsalten) 
(1 B . . d) 123 1" . .· h . 1 h 1 . - z-Imi , arne ·Iorates strain In t e equatoria c e ate 
rings and p:robably in the N(1), C(1), C(2), N(2), C(3), C(4) 
chain as well. The "umbrella" conformation has also been 
. . 183 
observed in related species 
The angle between the plane of the pyridyl group and 
the equatorial ligand plane is 89.4°. The cobalt atom is 
0 
displaced 0.032(4) A from the equatorial ligand plane towards 
the pyridyl ligand. An edge-on representation of the 
molecule is shown in Figure 3.9. The pyridyl plane approx-
imately bisects the N(1)-Co-N(2) bond and the dihedral angle 
made with the Co-0(3)-0(4) plane is 41.1°; whereas in all other 
Table 3.15 Selected least-squares planes (unweighted) for Co(salen-c2H4py) (02l. 
Name Equation of Planeb .
1 
Displacement of Other 
of Ax + By + Cz - D = 0 Atoms in Plane o 3 0 3 
4 Deviations of Atoms from Plane (A x 10 )a Atoms from Plane (A x.lO )a Plane (Coeff x 10 l • 
I I 3841 -8534 -3524 -12176 N{l) 0 (1) N(2) 0(2) Co C(l) C(2) 
008(20) -008(17) -008(22) 008(16) 032 (4) -186 (33) 124(39) 
Py I 7655 4974 -4082 46181 I N(3) C(5) C(6) C(7) C(8) C(9) Co C(4) 
010 (23} 026(29) -029 (33) -002 (33) . 037 (27) -042(27) -075(4) 273 {39) 
Ph-1 I 3004 -9027 -3082 -18468 I c (111 C(12) C(l3) C(14) C(15) C(l6) 
-008(24) 011(28) 004(25) ·-024(29) 028 (27) -012 (27) 
Ph-2 I 2322 -9409 -2467 -18332 I c (21) C(22) C(23) C(24) C(25) C(26) 
-051(28) 029(29) 003(29) -012(29) -012(26) 043(27) 
Sa1-1 I 3020 -9017 -3094 -18289. I N(l) c (10) . C(ll) C(12) C(13) C(14) C(15} C(l6) 0(1) ·Co 
016 (20) -018(26) -008 (24) 013 (28) 008 (25) -022(29) 027(27) -014(27) -002(17) 175(4) 
Sa1-2 I 2328 -9386 -2545 -18344 I N (2) C(20) C(21) C(22) C(23) .C(24) c (25) C(26) 0 (2) Co 
-048(22) 035 (27). -040 (28) 033 (29) -004 (29) -024(29) -018(26) . 048 (27) 018(15) -238(4) 
Chel,-1j 3439 · -8798 -3282 -14871 Co 0 (1) c (16) C(ll) C(lO) N(1) 
057(4) -050(17). 001 (27) 042(24) -009 (26) -040(20) 
Chel-21 2788 -9138 -2954 -17022 Co 0(2) C(26) C(21) C(20) N(2) 
-083(4) 070(16) 015 (27) -094 (28) 046(27} 045 (22) 
a Displacemen~of atoms are from a fixed plane and hence the acc_ompanying e.s.as are derived only from the e.s.d. 's in the positional coordinates of the ato111a. 
b The coefficients of the least-squares plane are for an orthogonalised Rngstrom coordinate system. 
,..., 
+:> 
(.N 
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Table 3.16 Selected dihedral angles (in °) between 
least-squares planes. 
rl N 
r-1 N I I 
r-1 N I I r-1 r-1 
~ I r-1 r-1 Q) Q) 
..c: ,.r.:: t>-1 ro ttl ..c: ..c: ~ ~ ~ (I) (I) u u 
I 6.1 11.8 89.2 6.0 11.4 3.1 7.7 
Ph-1 5.7 95.4 0.1 5.4 3.0 1.6 
Ph-2 100.9 5.8 0.6 8.7 4.2 
Py 95.2 100.7 92.3 96.9 
Sal-1 5.5 2.9 1.7 
Sal-2 8.4 3.8 
Chel-l 4.6 
d . 1 h . dl23-126,231 h 'd 1 1oxygen comp exes c aracter1se t e pyr1 y 
plane approximately bisects the N(l)-Co-0(1) bond angle 
and the dioxygen ligand bisects this or the N(l)-Co-N(2) 
bond angle. 
145. 
Allowance f6r disorder in the terminal oxygen atom 
position (see aboie) still does not give a bisecting orient-
a 
at ion for the Co-O/ group 6£ · Co (salen-c2H4 -py) (0 2). 
Bisecting orientations for the axial ligands are the 
most favourable on steric grounds. 
(0 2) the pyridyl orientation is largely constrained by the 
ethylene-ethyl linkage to bisect the N(l)-Co-N(2) bond angle. 
This is not achieved without some distortion. Compared to 
Co(salen-C 2H4-py) (whose corresponding parameters are paren-
thetically placed after that for the dioxygen adduct) atom 
0 0 
C(4) is displaced 0.27(4) A (0.11(2) and 0.11(3) A) from 
0 
the pyridyl plane; the cobalt atom is displaced 0.075(4) A 
0 
(0.293(3) and 0.120(3) A) from the same plane; and the Co-N(3)-
C(5) and Co-N(3)-C(9) angles are, respectively 131(2) 0 
(115(1) 9 and 115(1) 0 ) and 112(2) 0 (127(1) and 126(1) 0 ). 
This orientation of the pyridyl group serves .to minimise 
intramolecular contacts between the pyridyl's ethyl substit-
uent and the Schiff-base donor atoms. The rotation of the 
pyridyl plane about its normal does, however, lead to tight 
0 
C(9)-0(l) and C(9)-0(2) contacts of 2.85(3) A. 
·Figure 3.9: Edge-on view of 
Co(salen-c2H4-py) 
showing disposition of 
salicylidenirninato 
residues and pyridyl ring. 
Stereochemical Trends in Four~ive-and Six-Coordinate 
Schiff Base Complexes. 
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Marked stereochemical changes in the cobalt-Schiff 
base moiety accompany the coordination of dioxygen; the 
0 
average Co-N bond length decreases from 1.94(1) and 2.00(1) A 
0 
for two independent molecules of Co(salen-C 2H4-py) to 1.88(2) A 
in the dioxygen adduct, the average Co-O separation likewise 
0 0 
decreases from 1.93(1) and 1.92(1) A to 1.89(2) A and the 
0 
Co-N(3) separation decreases from 2.14(1) and 2.15(1) A to 
0 
2.03(2) A. The stereochemical changes can be considered to 
be initiated by a movement of atom N(1) into the 0(1), 0(2), 
N(2) plane with the dihedral angle between the planes Co,0(1), 
N(1) and Co, 0(2), N(2), changing from 25.2° and 30.6° to 2.9° 
* in the six-coordinate dioxygen adduct. This twists the two 
salicylideniminato planes Sal-1 and Sal-2 into near-coplanar-
ity. Changes in the torsional angles of the N(1), C(1), 
C(2), N(2), C(3), C(4), C(5) backbone culminate in the 
adoption of a more nearly bisecting orientation of the 
pyridyl ligand - T(N(1)-Co-N(3)-C(5)) increases from an 
average value of 25(2) 0 to 46(2) 0 and·T(N(2)~Co-N(3)-C(5)) 
decreases from 156(1) 0 to 139(3) 0 • Table 3.17 lists 
selected torsional angles for the five-coordinate complexes 
Bond 
angles between the cobalt and the Schiff-base ligand atoms 
display only small departures from square-planar symmetry. 
(Table 3.13). In the following discussions consideration 
of the structure of Co(acacen) (py) (02) 231 , which is of very 
low precision, is excluded. While dioxygen adducts of 
* Figures 3.4 and 3.9 illustrate the changes. 
Table 3.17 : Selected torsional angles (in °) for Co(salen-c2H4-py) (02), 
Fe(salen-c2H4py) and Co(salen-c2H~~py). 
a , Average 
Atoms Fe Co(A) Co (B) . Co (A) and Co (B) Co-O 2 
Angle Angle Angle Angle Angle 
N(l)-O(l)-0(2)-N(2) 16.3(3) 12.6(5) 17.2(5) 14.9 0. 7 (7) 
O(l)-N(l)-N(2)-0(2) 19.0(3) 13.2(5) 18.3(6) 15.8 0.7(7) 
N(2)-M-N(3)-C(5) 45.9 (8) 54.2(14) 55.1(15) 54.7 40.4(23) 
N(2)-M-N(3)-C(9) 120.5 (7) 121.5(13) 120.9(13) 121.2 135.2(25) 
N(l)-M-N(3)-C(5) ·31'.4(8) 28.9(15) 26.7(16) 27.8 45.8(23) 
N(l)-M-N(3)-C(9) 162.3(8) 155.4(14) 157.3(14) 156.4 138.7(25) 
C(l0)-N(l)-C(l)-C(2) 160.6(11) 167.3(22) 166.2(24) 166.8 162(3) 
C(20)-N(2)-C(2)-C(l) 141.0 (12) 149.7(21) 143.2(22) 146.5 157(4) 
C(20)-N(2)-C(2)-C(3) 93.9(12) 91.5 (23) 96.8(22) 94.2 92(3) 
N(l)-C(l)-C(2)-N(2) 42.8(10) 35.6(19) 36.5(20) 36.1 24 (3) 
N(l)-C(l)-C(2)-C(3) 80.8(11) 86.0(21) 82.5(21) 84.3 90 (3) 
N(2)-C(2)-C(3)-C(4) .61.5(13) 61.2(25) 64.5(23) 62.9 68(4) 
C(l)-C(2)-C(3)-C(4) 59.7(13) 55.0(24) 53.6(24) 54.6 53{4) 
C(2)-C(3)-C(4)-C(5) 81.6(14) 80.8(27) 83.3(25) 82.1 75 (5) 
C(3)-C(4)-C(5)-C(6) 96.3(14) 101.5 (29) 109.5(25) 105.5 117(5) 
N(l)-M-0(3)-0(4) - - - - 3 (4) !'--" 
..,. 
a 
.....;] 
M = co, Fe = M(salen-C2H4-py) .. 
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cobalt Schiff bases,. including Co(salen-C 2H4 -py) (0 2), share 
very similar dimensions in the Schiff base core and the 
123-126 Co-0(3) bond length , there are some peculiarities 
in the cobalt-axial base bond lengths. The Co-N. "d bond ll(}l 
length for Co(t-Bsalten) (1-Bz-imid) (0 2) ~ '1. 974(8) A 123, is 
apparently significantly shorter than those for Co(saltmen)-
o 
2.011(2) A 124, and Co(3-Fsaltmen) (1-Me-imid)-( 1- B z- im i d) ( 0 2) , 
0 
(0 2), '2.004(2) A 
125 Short of invoking crystal packing 
effects, the reasons for this variation, if real, are not 
apparent. Moreover the Co-N . bond lengths for Co(salen-py 0 
c 2~ 4 -py)(0 2 ) and Co(bzacen)(py) (0 2) are 2.03(2) and 1.99(1) A 
126 (b), respectively, and it is surprising that the Co-N(3) 
separations appear to be independent of the axial base. 
A Co-N. "d separation no longer than that for Co-N could 
. 1m1 · PY 
be expected on the following interrelated electronic and steric 
grounds. That imidazoles generally give more stable dioxygen 
222 adducts , at least for a porphyrin ligand system, has 
been attributed to their greater ability to donate electron 
density to the metal. The tighter C-N-C angle of 105° 
0 . 
compared with 120 for pyridine would lead to smaller inter-
action of an imidazole ligand with the Schiff-base plane 
and hence allow closer approach of the ligand to the metal 
centre. But for Co(bzacen)(py)0 2), r(Co-N(3)) is marginally 
shorter than that for Co(saltmen) (l-Bz-imid)(0 2). 
The four-coordinate parent compounds such as 
Co(salen) 210 , Co(bzacen) 211 and Co(t-Bsalten) 123 are all 
square planar although the last complex has a small tetra-
hedral distortion possibly attributable to the bulky 
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t-butyl groups (values for T(N(1)-0(1)-0(2)-N(2] are 
2.2°, 0.7°, 10.9°, respectively). The metal-Schiff base 
bonds are shorter than those for the five-coordinate adducts. 
It has been noted 210 that stronger, shorter bonds are likely 
simply because there are only four ligands. The shorter 
bond lengths observed for the four-coordinate parent compound 
compared to those for the six-coordinate derivatives may, 1n 
part, be attributed to this. Howeve~ the substantially 
longer bonds of the five-coordinate complexes compared to 
the low-spin four-coordinate species may be attributable,in 
the low spin five-coordinate case, to diminished metal-ligand 
Tibonding (see also §3.1.4) and, in the high spin case, to 
the larger cobalt ion radius as well. Similar consider-
ations apply in rationalising the longer bond lengths 
observed for the five-coordinate species compared to those 
for its six-coordinate dioxygen adduct. Table 3.18 lists 
quantitative data for a representative selection of compo~nds. 
Factors Influencing Co-Lax Separafi~ns 
Although no crystal structures of the type Co(Schiff-
base) (Lax)~+ (ri=0,1; Lax = imidazole or pyridyl species) 
have been determined it is not unreasonable to use parameters 
from related porphinato complexes but with cognisance of 
the tighter Schiff-base equatorial core, sirice·r(CoL ·) are 
. eq 
0 
approximately 0.1 A shorter for Schiff-base ligands compared 
with the less flexible porphyrin ligand. 
If one Lax ligand in a Co(Schiff base) (Lax)z complex 
is replaced by dioxygen,a contraction of the other Co-Lax 
0 
bond by more than 0.3 A can confidently be expected by 
Table 3.18 Equatorial bond lengths for selected cobalt Schiff-base 
Complex 
Co(salen) 
(added bas~ py) 
Co(salen-py) 
Co(t-Balten) 
(added base 1-Bz-imid) 
Co(3-Fsaltmen) 
c (added base, B ) 
4-coord. 
1.847(5) 
1.852(5) 
1.856(3) 
1. 853 (2) 
d . . a erJ.vatJ.ves • 
b 5-coord 
+base 
1. 90 (1) 
1. 90 (1) 
- 1.94(1), 2.00(1) 
1. 93 (1) 1 1. 92 (1) 
2 .. 0~0(9) 
1·~973-l-8! 
0 
a. Average Co-N separation quoted above average. Co-O separation in A. 
6-coord 
+02 
1.88 (2) 
1. 89 (2) 
1.896(8) 
1.895(6) 
1.901(3) 
1.893(3) 
b. Except for Co(salen) (py) which is low spin other five-coordinate species high spin. 
c. For five-coordinate, B=J:Bz-imid; for six-coordinate, B=l-Me-imid. 
Reference 
~10 ,196] 
[1881, This work. 
[i23j 
[198, 124] 
\--1 
U"l 
0 
151. 
analogy with related porphyrin species. In Co(OEP)-
0 232 (3-Me-py) 2 Co-Lax is 2.386(2) A and a similar, possibly 
even longer, separation can be expected for the correspond-
ing Schiff-base species. The long Co-Lax separation has 
been attributed to the presence of an electron in the 
cobalt 3dz2 orbital which is aligned along the Co-Lax bonds 
191 For the Schiff-base cobalt-dioxygen complexes 
structurally characterised, Co-Lax is between 1.974(8) and 
0 
2.03(2) A. 
Now the Co-Lax separation for cobalt-dioxygen complexes 
is not dissimilar to that observed for some cobalt(III) 
complexes in which there is no 3dz2 electron. For example, 
in Co(TPP)(3,5-Me2-PY)(N0 2) the Co-Lax separation is 
0 
2.036(4) A 233 . The cobalt(III)-methoxy complex Co(salen)-
(py)(OMe) has a similar value for the Co-Lax separation 
0 
of 2.03(1) A 240 and) furthermore, the Co-OMe separation of 
0 
1.89(1) A is very similar to the Co-0 2 separation
240 
It is as well to note, how,ever, that carbanion complexes of 
cobalt(III)-Schiff bases display marked trans effects; for 
0 230 Co(acacen)(py)(Me), r(Co-Npy·) is 2.16 (1) A . In 
addition, for some axially symmetric cobalt-porphyrin 
complexes, a similarly large decrease in Co~Lax also 
) 
accompanies the removal of the cobalt 3dz2 electron. For 
0 234 . Co(TPP)(pip) 2 r(Co-Lax) 1s 2.436(2) A and for Co(TPP)-
o 
(pip); r(Co-Lax) is 2.060(2) A 235 Moreover with the 
less sterically demanding imidazole ligand r(Co-Lax) is 
1.93(2) ~for Co(TPP) (imid); 236 
On the other hand for related porphinatoiron 
systems quite small changes are induced by the oxidation 
of Ferrto Feiii; in this case oxidation does not involve 
the loss of a 3dz2 electron. For Fe(TPP) (1-Me-imid) 2 
0 
r(Fe-Lax) is 2.016(5).A 237 which may be compared with 
0 
1.996(5) and 1.988(5) A for Ferrr(P~IX-)(1-Me-imid) 2 238 
0 
and 1.957(4) and 1.991(5) A for Fe(TPP) (imid); 239 
Because the orientation of the porphyrin plane is not 1n 
the optimum bisecting position the Fe-Lax bonds are some-
what stretched. Howeve~ the second and longer r(Fe-Lax) 
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quoted for the two iron(III) complexes is associated with 
the imidazole plane in a similar orientation to that for 
the iron(II) complex. Thus a reduction of only about 
0 
0.025 to 0.028 A has occurred; the shortening may be 
attributed to the greater charge concentrated on iron(III) 
compared with iron(II). 
Therefore, noting firstly the long Co-Lax separation 
of "bona fide" cobalt(II) complexes compared to the 
separation for cobalt-dioxygen complexes, secondly. the 
similarity of r(Co-Lax) for such dioxygen complexes and 
"bonafide''cobalt(III) species, and thirdly the, perhaps 
fortuitously, similar cobalt(III)-methoxide and cobalt-
dioxygen separations, it seems reasonable to conclude on 
structural evidence alone. that a cobalt(III)-coordinated 
superoxide formulation is applicable to those dioxygen 
complexes structurally characterised. Furthermore there 
can be no n component in the Co-OMe bond; the similarity 
of r(Co-OOMe) with r(Co-Oo 2) may indicate little w-bonding 
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component in the cobalt-dioxygen linkage. Such a 
representation is in general accord with other independent 
data reviewed in §3.2.1. 
Comparison of cobalt-dioxygen complexes with the 
iron-dioxygen complex· Fe(TpivPP) (1-Me-imid) (0 2) will be 
made in §4.2.4. 
3.3 Concluding Remarks 
Coordination of dioxygen to cobalt(II) complexes is 
accompanied by large stereochemical changes not only in 
general geometry but also in metal-liga-nd separations. 
In general 1:1 cabal t -dioxygen complexes bf Sch-i'ff~ base and 
porphyrin ligand systems are adequately represented by a 
cobalt(III)-coordinated superoxide formulation. The 
III -
stereochemical evidence for a Co -0 2 for Co(salen-C 2H4-py)-
(02) complements other independent spectroscopic evidence 
for this and closely related systems. For some other 
cobalt-dioxygen complexe~ such a formulation may not be 
. 19 
approprlate 
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CHAPTER 4 
PORPHYRIN COMPLEXES 
Porphyrin and its substituted derivatives are highly 
versatile ligands. On deprotonation to the dianionic chel-
ating form (Figure 4.1) 
Figure 4.1: A general atom-labelling scheme for porphyrins. 
The central site is labelled Ct. 
they coordinate to most metals with a wide range of support-
ing ligands occupying one or both of the two axial positions. 
241 Porphinato complexes are known for nearly 50 elements , 
the only notable exceptions being the lathanide and actinide 
series. In contrast to complexes of the more flexible 
Schiff-base ligand, most metalloporphyrins possess quasi-four 
fold axial symmetry; that is, they are either square planar, 
square pyramidal or octahedral with the porphyrin ligand as 
the equatorial component. Some heavy metals prefer a more 
exotic mode of coordination- for example the p-(porphyrin)-
[Re(C0)3]2 species 242 $igure 4.2). 
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Figure 4.2: Structure of (TPP) [Re(C0) 3]. 
An exceptionally thorough analysis of the stereochemistry of 
and stereochemical trends for metalloporphyrins of more 
orthodox structure has been made 191 . Many of the structure 
analyses are very precise. 
The porphinato ring, being a macrocycle with a highly 
delocalised n-bonding network, has a strong tendency to 
remain planar. Thus, if metal ions of different radii are 
to be accommodated in the plane of the porphinato ring or, 
more particularly, in the plane of the porphinato nitrogen 
atoms,then expansion or contraction of the "central hole" 
(i.e. an increase or decrease in r(Ct ... N h)) is necessary. porp 
Hoard has suggested 243 that, at a radius r(Ct-N h) of porp 
0 
~2.01 A,bond a~gle strain in the porphinato 
0 
minimised. Fleischer has suggested 2.04 A 
0 
skeleton is 
244 The radius 
varies between 2. 0 98 ( 2) A for the structure of [Sn(TPP) c1 2], 
which has crystallographically imposed planarity of the 
245 ° Sn(TPP) component , and 1. 958 (2) A for the structure of 
Ni(OEP) which, although planarity is not crystallographically 
imposed, nevertheless shows only .small departures from a 
246 planar c4h symmetry . This contraction is achieved through 
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a tightening of the angle L (C -N h-C ) by 'V5. 3°, opening 
. a porp a 
. 0 
of L(N--·C-Cb) by 'V3,4 and contractions of r(C -C) by a a m . 0 . 0 
'V0.036 A and r(Cb-Cb) by 'V0,034 A (see Figure 4.'1 for 
definition of the labelling scheme). Contraction of the 
0 
central hole below the· bound of 1.958(2) A may be achieved 
by marked ruffling of the porphinato skeleton and reduction 
247 to quasi-D 2d symmetry . For example,Ni(OEP) also exists 
in a strongly ruffled D2d geometry. The dihedral angle 
between the mean porphinato plane and an individual pyrrole 
ring is 14.2° and r(Ct ... N h) or equivalently r(Ni-N h) 
0 porp porp 
is 1. 929 (3) A 248 The reduction in de.localised 1r bonding 
for the porphinato macrocycle~caused by the adoption of a 
non-planar geometry,is counterbalanced by stronger M-Nporph 
a bonds. 
In most five-coordinate porphinato complexes, even 
when the metal atom is substantially out of the plane of the 
four porphinato nitrogen atoms, planarity of the porphinato 
species is largely maintained; in other words, there is 
little "doming" of the porphinato ligand. 
These, therefore~ are some general features of 
metalloporphyrins. The porphinato skeleton maintains nearly 
invariant stereochemistry and only in crystal structures of 
very high precision do the small deformations in bond angles 
and distances (wrought by contraction or expansion of the 
0 
central hole from its "ideal" radius of 'V2.01 A) become 
apparent. No matter how severe the ruffling of the por-
phinato skeleton is, the atoms within individual pyrrole 
rings maintain planarity. 
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The porphyrins found in biological systems have 
asymmetrical substitution on the carbon atoms of type Cb 
(Figure 4.1). The parent porphyrin of biological systems, 
haem, is shown in Figure 4.3. The metal coordinated is 
invariably iron. Other porphyrin-derived species are the 
chlorophylls (Figure 4.4(a)) and the corrins, of which vitamin 
B12 is the most popularly known example~igure 4.4(b)). 
Axial ligation and porphyrin substituents divide the haemo-
proteins into their two ma1n classes, the haemoglobins and 
the cytochromes. 
' Except for mutants whose owners usually fare poorly 
physiologically, the axial ligand in haemoglobins is an 
imidazole group of an histidine amino acid residue. 
Dioxygen (and other small molecules) coordinate trans to 
this "proximal" histidine. Coordination of dioxygen is 
reversible and the haemoglobins · . · transport and 
store dioxygen for respirative processes. The porphyrin~ 
in almost all cases, is protoporphyrin -IX \<lhich is shown in 
Figure 4 . 3 , (see a 1 so § 2 . 3) . In §4.2 a model for myoglobin, 
a monomeric haemoglobin, is described. The stereochemistry 
of this model porphinatoiron-dioxygen adduct will be described 
and its validity as a model assessed. 
249 The cytochromes are a more diverse group The 
members of one subclass,which includes the well-characterised 
cytochromes c>function as electron transport species. The 
redox potentials of these cytochromes a're modulated by different 
peripheral substituents on the porphyrin and axial 
ligation to the iron centre. The electron transport chain 
terminates cytochrome oxidase, a rather complex copper-contain-
(a) Protohaem 
R =R == 
. 1 2 
haemoglobin 
cytochrome P450 
catalase 
(b) Haem c 
R =R = -CH-CH . R = CB 1 2 1 3' 3 3 
S-protein 
cytochrome £ 
(c) CH3 CH3 I I 
-CH-CH -(CH-(CH ) ) -CH I 2 . 2 3 2 I , 
OH 
Haern a 
R= 1 
cytochrome a 
CH3 
158. 
HOOC 
R = -CH=CH R = -CHO 2 . 2, 3 
Figure 4.3 Haem and its derivatives. 
(a) Chlorophyll a (b) Cobyric acid (the simplest 
naturally occurring corrinoid) . 
Figure 4.4 Porphyrin-related biologically occurring macrocycles. 
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ing haemoprotein, which coordinates and reduces dioxygen. 
Another subclass coordinates dioxygen but also catalyses 
directly its incorporation into some substrate (see also 
§ 2. 3) . The best-characterised example is the bacterial 
camphor hydroxylase, cytochrome P450 ,which has a proto-cam 
haem prosthetic group identical to the haemoglobins. 
However, the quite different spectral properties of cyto-
chrome P450, particularly the reduced enzyme-{ironii)-
carbonyl adduct, appear to preclude axial ligation similar 
to the haemoglobin class of oxygen-binding haemoproteins. 
A dioxygen adduct of a porphinatoiron(II) derivative with 
mercaptan S~ axial ligation is described in §4.3; this 
complex is a possible model for the dioxygenated cytochrome 
P450 enzyme. In § 4.1 dioxygen adducts of porp.hinatoiron (I I) 
derivatives are reviewed, and the protein role is analysed. 
4.1 Dioxyge~ Adducts ~f Porphinatoiron(II) Derivatives. 
Speculation over the geometry of the iron-dioxygen 
linkage in oxygen-binding haemoproteins of the haemoglobin 
type has only recently been settled, firstly and indirectly, 
by analogy with the structures of mononuclear dioxygen adducts 
of cobalt(II) complexes (Chapter 3) and, secondly and more 
directly, by the structure analysis of a ~ononuclear adduct 
of an iron(II)-porphyrin-imidazole derivative (reference'~D 
and §4.2). 
A knowledge of the fates that may befall porphinato-
iron(II) species removed from their protein matrix has 
clarified the role of the protein and has led ultimately to 
the isolation of stable crystalline iron-dioxygen model 
complexes. 
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Although the general geometry of the metal-dioxygen 
moiety is now established, the validity or otherwise of an 
III -Fe -02 formulation, analogous to that which appears to 
adequately represent spectroscopic and structural features 
of many cobalt-dioxygen complexes of comparable ligature, 
remains unresolved. 
The reactions of iron-dioxygen species and the role 
of the protein, and the results of a number of studies which 
indicate something about the nature of the iron-dioxygen 
linkage will be examined in some detail. 
4.1.1 Irreversible Oxidation and the Evolution of Model 
Iron-Dioxygen Systems. 
At this stage it is appropriate to distinguish 
between the terms "oxidation" and "autoxidation". Oxidation 
will apply to the process 
Fen L [o~> III Fe L 
which, in the ensured absence of other oxidants, is mediated 
by molecular oxygen. Autoxidation , a term commonly and 
sometimes imprecisely used in studies on the formation of 
met-Feiii_haemoglobin~etHijA will be applied specifically to 
the process 
LFe-0
2 
·----4 LFeiii. 
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Autoxidation of Oxyhaemoglobins 
The reluctance of oxyhaemoglobins to autoxidise or 
otherwise be oxidised under physiological conditions is 
remarkable when compared with the extremely facile oxidation 
undergone by free iron(II)-porphyrin or-Schiff base complexes. 
Disturbance of the normal routine of reversible oxygen uptake 
and release by haemoglobins is rare; only about 3% of the 
haemoglobin in a normal red blood cell oxidised daily 250 lS 
Oxyhaemoglobin autoxidation proceeds mainly by proton-assisted 
displacement of a superoxide anion radical by a nucleophile 
(B)(P)Fe-0
2 
+ Y R4.1 
and not by a . 1 d". . . h 140-142 s1mp e 1Ssoc1at1ve pat way :-
(B) (P)Fe-0
2 
~ (B) (P) Fe III R4.2 
Indeed, the concentration of the gentle nucleophile Cl in 
erythrocytes may well account for the d~ily production of 
met-Hb 142 . 
Oxidation of Simple Iron(II)-porphyrins and the Role of 
the Protein. 
Reversible binding of dioxygen to iron(II)-porphyrin-
axial base species, Fe(P) (B), freed from a protein matrix, 
has been reported (see belo~). But Collman et a1 12 and 
. Gagne 251 have noted that in a number of ill~characterised 
systems the reversible binding of dioxygen was an illusion 
due to axial base redox reactions. 
It is more usual for haems freed from their protein 
environment, and for other iron(II) species, to undergo 
162. 
rapid 11 irreversible'i oxidation in the presence of dioxygen 
11 h . d . 252-254 to we -c aracter1se ~-oxo spec1es 
4Fe (P) (B)
2 
+ 0
2
-7 2 (P)Fe-0-Fe (P) + 8B R4.3 
Elucidation of the mechanism for irreversible oxidation led 
to a better appreciation .of the role of the protein and of 
the factors which enhance the reversible binding of dioxygen 
over irreversible oxidation. Studies have been made on the 
oxidation of iron(II) species by dioxygen 255 - 258 . For the 
oxidation of the haemochrome Fe(P) (py) 2 the following 
257 
mechanism was proposed by Caughey and supported by 
Collman and Gagne 12 , 251 in a critical assessment of the 
literature. 
II Fe (P) (py) 
2 
II 
Fe (P) (py) + ,PY 
Fe II (P) (py) + 0 rate) (py) (P) Fe-0
2 2 deterrn'.:in:ing 
R4.4 
R4.5 
II (py) (P) Fe o 2 + Fe (P) (py) ---j (py) (P)Fe-02-Fe(P) (py) R4.6 
(py) (P)Fe-02-Fe(P) (py) ~ 
IV 2 (py) (P)Fe =0 R4.7 
IV II (py) (P) Fe =0 + Fe (P) (py) -----) 
Therefore, in encouraging the reversible binding of dioxygen 
to the haemoglobins the following roles for the protein 
surrounding the dioxygen binding site are implied. 
1. The protein prevents bimolecular contact of two iron 
centres as in reaction R4.6. In haemoglobin this 1s 
achieved by embedding the haem prosthetic group in the protein. 
In some model studies reversible binding of dioxygen has been 
observed by immobilising a porphinatoiron(II) species in a 
259 
synthetic polymer 
163. 
2. The protein supplies an imidazole ligand to the 
iron centre and also maintains five-coordination in the 
absence of dioxygen or its competitors. In the presence 
of excess pyridine, the diamagnetic haemochromes,Fe(P)(py) 2 , 
are stable towards oxidation by molecular oxygen 258 . 
Oxygenation and oxidation proceed from the five-coordinate 
product of reaction R4.4. 
3. The protein provides an aprotic environment for the 
coordinated dioxygen ligand. Hydrogen ions are known to 
promote the autoxidation of oxyhaemoglobin in the presence 
of nucleophiles (see above and reaction R4.1.) 141 , 142 . 
Moreover, in the abnormal haemoglobin,HbM Boston (a58(E7) 
His-+Tyr), the distal tyrosine (taking the place of histidine) 
coordinates to the iron(III) centre of each a Ehain via its 
. 327 . M Saskatoon phenolate an1on ; the analogous s-cha1n mutant Hb 
( 63(E7) . ) . "1 1 "d" d328 0 h . "d" S Hls-+Tyr 1s s1m1 ar y ox1 1se t er . .ac1 1c 
groups protruding into the binding pocket, such as occurs 
M Milwaukee~I 329 in Hb (S67(Ell)Val-+Glu), 'may lead to valency 
hybrids .also .. 
It is appropriate at this point to elaborate further 
on the nature of the binding pocket since it has been 
259 suggested , and widely accepted, that the protein provides 
a non-polar hydrophobic environment. 
Although the binding pocket is largely lined with 
non-polar residues, compared with the hydrophilic residues 
on the outside of the protein148 - 151 , it is too simplistic 
164. 
to regard the binding pocket as non-polar and hydrophobic. 
Firstly, in most haemoglobins there exists a polar imidazole 
group poised above the dioxygen binding site. Model studies 
have subsequently shown that for both cobalt-dioxygen225 and 
. d' t 266, 267 d' . f d' . 1ron- 1oxygen sys ems . , coor 1nat1on o 1oxygen 1s 
enhanced in polar solvents. 
Secondly, while access of water to the binding site 
may be inhibited it is certainly not prohibited. In the 
a chains of adult deoxyhaemoglobin a water molecule is to be 
.found hydrogen-bonded to the imidazole group of the distal 
0 150 histidine, and approximately 3.6 A from the iron . In 
addition met-HbX (X=N;,scN- ,F-) species undergo quite rapid 
h Of . . 1 . d 152,260,261 Th' . 1 . exc ange an1on1c 1gan s . 1s 1mp 1es 
easy access of anions to the binding sites. A.less polar 
species, such as water, should therefore be able to approach 
a binding site presumed to be non-polar and hydrophobic 
with equal or greater ease. Nor should the presence of ~ater 
near the coordinated dioxygen of Hbo 2 be regarded as disas-
trous. Although the autoxidation of Hb0 2 in the presence of 
nucleophiles is proton-assisted, in the presence of weak 
nucleophiles such as chloride ion, and at neutral pH, the 
reaction is very slow. Conversely, the oxidation of protein-
free, sterically unencumbered Fe 11 (P) (B) complexes 1n water 
is very rapid. Thus the effect of protic' solvents such as 
water is manifested upon an Fe~o 2 -Fe species rather than the 
Fe-0 2 species. 
Thus the protein's major role is to prevent bimolecular 
contact of iron centres. Under physiological conditions 
(neutral-to-basic pH and very weak nucleophiles) the copresence, 
165 0 
in the binding pocke\ of coordinated dioxygen and a protic 
species, such as water, does not appear to be inimical 
to the stability of Hb0 2 . 
The role of the distal histidine has been much 
discussed. Pauling proposed6B(b) that the coordinated 
dioxygen ligand was hydrogen bonded to the distal histidine 
which existed as an imidazolium species. However, the 
distal imidazole appears to be unimportant to the stability 
of Hb0 2 since some insect haemoglobins have a non-polar 
d . t 1 . d . 1 f h. . d. 151 Th d. 1 . d 1s a res1 ue 1n p ace o 1st1 1ne . e 1sta res1 ues 
do however, appear to be of critical importance in enhancing 
the relative stability of.· Hbo 2 over that 6£ · Hbco
13
' 
17
. 
Protein-free Iron-dioxygen Systems 
. , 
Appreciation of the prote1ns ·function has led to 
well-characterised dioxygen adducts of iron porphyrins in 
solution and in the crystalline state, 
As with cobalt(II) systems low temperatures enhance 
the kinetic stability of the mononuclear dioxygen adduct. 
. 0 At low temperatures (~-50 C) reversible binding of dioxygen 
has been observed for porphinatoiron(II)-amine derivatives 
"th h" ld d b" d" . 263-268 h Wl an uns 1e e oxygen 1n 1ng s1te . T at revers-
ible oxygenation of sterically unhindered porphyrin deriv-
atives was also found to occur at low temperatures Ina protic 
solvent (butanol) 264 , and for axial bases other than imidazole-
. ' 
type ligands~ 64 finally dispe~led notions on the indispens-
ability of the protein and of an imidazole-type base for 
reversible oxygen binding to haems. An axial base of some 
sort still appears essential. At room temperature the 
sterically unhindered dioxygen adducts all irreversibly 
autoxidised very rapidly. 
A second approach,using steric encumbrance to 
inhibit the bimolecular contact of Feo 2 and Fe
11 species, 
has led to the observation of reversible oxygenation in 
solution at ambient temperatures and to the isolation of 
crystalline dioxygen adducts. An early non-porphyrin, 
N4-macrocyle iron(II) derivative with built-in steric 
hindrance was found to oxygenate reversibly0 o2 :1 F~ at 
166. 
In the absence of the phenyl shields, irrevers-
ible oxidation occurred at that temperature. 
An elegant porphyrin derivative with a considerably 
more protected oxygen-binding site (Figure 4.5) has been 
synthesised and found capable of reversibly binding dioxygen 
at 25°C 270 . 
Collman and coworkers utilised the atropisomerism ~f 
ortho-substituted meso-tetraphenyl porphyrins (Figure 4.6(a)-
(d)) to prepare a porphyrin derivative,meso-tetra(a,a,a,a-
orthopivalamide phenyl) porphyrin H2TpivPP,popularly known 
as the "picket fence" porphyrin,which had hindered and 
. 12 271 
unhindered binding sites (F1gure 4.6(e)) ' . Although 
formation of diamagnetic six-coordinate species, such as 
Fe(TpivPP)(1-Me-imid) 2 , could still occur, dioxygen adducts 
were quite stable in solvents as diverse as benzene and non-
acidic aqueous N,N'-dimethylformamide,provided an excess of 
base was present to inhibit coordination of dioxygen on the 
unhindered site with consequent irreversible oxidation271 . 
Figure 4.5 
Figure 4.6 
167. 
Diagram of the "capped" porphyrin. 
a, a, a, P- H2 TxPP a, P. a, {3- H2 TxPP 
(a) (b) .. (c) 
(CH3)3CCOCI 
---·-(X • NH2) 
a, a, a,a- H2 TxPP a, a, a, a- H2 TpivPP 
(d) (e)· 
Atropisomerism of ortho-substituted meso-tetraphenyl-
porphyrins, (a) - (d); and the "picket fence" porphyrin, (e). 
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With regard to the importance of an aprotic environment 
it is relevant to note that dioxygen adducts of derivatives 
with "pickets" containing protons more acidic than the 
amide proton of a pivalamide group were found to , autoxidise 12 
Characterisation of the iron(III) product of this autoxidation 
reaction has n6t been made. 
In contrast to other cobalt(II) porphyrin complexes 
which only bind dioxygen at low temperature, Co(TpivPP)-
(1-Me-imid) will reversibly bind dioxygen in solution (and 
also in the solid state) at ambient temperatures 272 . A 
crystalline dioxygen adduct of Fe 1I(TpivPP) (1-Me-imid) was 
obtained and a preliminary report of the structure analysis 
has been made 11 , 12 . The complete structure analysis is the 
subject of §4.2. 
4.1.2 The Nature of the Metal-Dioxygen Linkage 
In this subsection the results of a number of physical 
studies on iron-dioxygen systems which relate to the natures 
of the coordinated dioxygen ligand and the iron atom are 
presented. The paradox between the long-assumed rigorous 
diamagnetism of oxyhaemoglobin and the evidence from other 
studies that a polarised Feiii_Oz formulation appeared to 
be valid has been the cause of much speculation over the 
bonding in oxyhaemoglobin. 
Various bonding theories will be inspected in more 
detail in Chapter 6. A number of possibilities were intro-
duced earlier(§2.3.1). What will be covered in this 
subsection are physical studies whose results indicate some-
thing about the extent of electron transfer from iron onto 
dioxygen. The two extremes consistent with maintenance 
of rigorous diamagnetism are a d4 (S=O) iron(IV)-peroxide 
(S=,O) species, Fe IV~o~- 71 ' 3 01 , and a d 6 (S= 0) iron (I I)-
169. 
. 1 (S 0) . F I I 0 . h d. f s1ng et oxygen =. spec1es, e ·- 2 , w1t 1oxygen eatur-
. ' ,. '1 ( 2) d 12 h d d 1ng ma1n y as a a sp onor . Bot extremes are exclu e 
by the data presented below. 
Very recently, precise measurements on the magnetic 
susceptibility of oxyhaemoglobin have shown, that oxyhaemo-
globin is not rigorously diamagnetic. 
Magnetic Properties 
Since Pauling and Coryell's original measurements on 
the magnetic susceptibility of oxyhaemoglobin and carbonmonoxy-
haemoglobin,67 the diamagnetic nature of these two species 
has remained largely unquestioned. 
While most cobalt-dioxygen complexes are adequately 
· III -
represented as polarised Co -0 2 species, a simiiar formu-
lation for diamagnetic iron-dioxygen complexes (and also for 
the low-spin (S=l) Cr(TPP) (py) (0 2) complex 13 ~ poses conceptual 
problems. For the cobalt-dioxygen species strong metal-
dioxygen n bonding need not be invoked to rationalise the 
magnetic and spectral properties of a diamagnetic d6 cobalt(III)-
coordinated superoxide (S=~) system. On the other hand for a 
rigorously diamagnetic iron-dioxygen.complex, such as has been 
widely accepted for Hb0 2 , strong n bonding between oxygen 
(n*)l and iron (3dxz,yz) 3 orbitals must be invoked to ration-
alise a polarised low-spin d 5 iron(III)-coordinated superoxide 
(S=~) species-- a contradiction is apparent. 
170. 
330 . Cerdonio and coworkers have recently shown that 
oxyhaemoglobin is not diamagnetic above temperatures greater 
0 than 50 K. There is a triplet (S=1) state only 146 cm- 1 
above the singlet (S=~) groundstate. The two spin states 
are in thermal equilibrium:-
. HbO 
2 ~ Hb02 
Singlet S=o Triplet S=l I2JI= 146 -1 em 
5 This result appears to support a d (S=~) iron(III)-coordin-
ated superoxide (S=~) system with the urbonding contribution 
that leads to spin-pairing being rather weak. Equivalently. 
d W . I F III - . . h h 1 expresse , e1ss e -02 representat1on w1t t e e ectron 
spins "antiferromagnetically coupled" 70 is supported. 
Another formulation is po.ssible _,. a partially spin-paired 
d 6 (S=1) iron (II)-dioxygen (8=1) species. The ESR spectrum 
of triplet-state oxyhaemoglobin would be of interest to 
examine the location of the unpaired electrons. 
This spin equilibrium is not unique. Hydroxy-
methaemoglobin is in thermal equilibrium between hig~and 
1 . f 69,152 ow-sp1n arms :-
m'et-HbOH' 
low-spin S=~ 
met-HbOH 
high-spin S==S/2 
On the other hand, the diamagnetism of carbonmonoxy-
haemoglob:Lii was confirmed. A lower bound for the separation 
between the singlet grouridstate and triplet excited state 
was estimated to be at least 800 cm- 1 330 . This 
rigorous diamagnetism of HbCO strongly refutes an Feiil-co-
formulation. 
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Electronic Spectra 
Weiss 70 and later Wittenberg et a1 273 compared the 
optical spectra of Hb0 2 and HbCO with that of alkaline meth-
aemoglobin, metHbOH, and concluded that the configuration of 
all three species was low-spin (S=~) d 5 iron(III). The 
configuration of ligated dioxygen was deduced 273 to be super-
oxide-like by specious analogy with cobalt-dioxygen complexes. 
The electronic spectra of HbCO and Hb0 2 are quite similar. 
Table 4.1 lists spectral properties in the uv-visible region 
for a number of haemoglobin derivatives and for a six-coord-
inate essentially diamagnetic haemochrome. The data therefore 
support an Feiii_CO- representation just as closely as an 
III -Fe -0 2 one; the former formulation is now generally regarded 
as grotesq~e, .since, for example, HbCO is eveh less suscept-
ible to nucleophilic attack than Hb0 2 
141 Unfortunately, no 
studies have yet been published on the effects of solvent 
polarity on the binding of carbon monoxide; such studie~ 
could settle claims that the Fe-CO group is non-polar. 
However a more extensive spectral study, subsequent 
to those of Weiss 70 and Wittenberg et a1 273 , has shown that 
Hb0 2 , but not HbCO, has a low energy absorption at ~950 nm 381 , 
This band has been rationalised in terms of an Feii(S=1)~o 2 (S=l) 
. 348 III -formulat1on , although an Fe (S=~)-0 2 (S=~) formulation 
appears to be equally valid. 
Table 4.1 Electronic features of various protohaem derivativesa. 
Met-MbOH 
Mb02 
MbCO ' 
Fe(Proto-IX) (py) 2 
a 
Visible 
a 
582(9.1) 
581(14.6) 
579(12.2) 
558(30.9) 
Data from reference [152]. 
542(9.5) 
543(13.6) 
542(14) 
525 (16. 3) 
Soret 
y 
414(97.2) 
418 (128) 
423(187) 
418 (130) 
uv 
0 
358(33.5) 
348(26.2) 
345(26.9) 
A. in nm; extinction coefficient in mM (in parenthe.ses). 
max 
17 2. 
281 (32 .1) 
280(36.6) 
275(37.5) 
Infrared 
The 0-0 stretching mode has been identified at 
1107 cm- 1 for Hb0 2 
163 
and 1103 cm- 1 for Mbo 2 
164
, and 
L 7 3. 
. -1 
near 1160 em for dioxygen. · iron "picket fence" porphyrin 
d . . 17 er1vat1ves . These values are in the same range as 
v(0-0) for cobalt-dioxygen adducts of the superoxo class 
(Table 2.1). These infrared values of v(0-0) do not per se 
indicate a coordinated superoxide species; they only indicate 
a bond order similar to that for the superoxide anion . 
..,vO Caughey proposed a covalent linkage, Fe:..:O , for the iron-
dioxygen moiety. He also proposed a similar covalent 
linkage for cobalt-substituted haemoglobins because of their 
similar· valuES for v (0-0) 165 . With regard to the extra 
electron possessed by cobalt-dioxygen species and the other 
evidence assessed in §3.2.1, such a·formulation seems 
untenable. 
Thus infrared data for v(0-0) indicate nothing about 
the polarity of the metal dioxygen bond; they do indicate a 
similar bond order to superoxide and are not inconsistent 
with magnetic susceptibility data. 
Resonance Raman Spectroscopy 
Analysis of the resonance Raman scattering of iron 
porphyrins had shown a number of porphyrin bands to be 
sensitive to the oxidation and spin states of the iron 
centre 3 ' 274 - 276 . An Fe 111-oz representation for dioxygen 
was inferred ~rom the similarity of the frequencies for 
the oxidation state markers of Hb0 2 and HbCO with low-spin 
174. 
metHb derivatives such as metHbCN; a similar representation 
for HbCO appeared to be inescapable. Evidence for such a 
polarised iron-carbonyl bond is scarce (see paragraph above 
on electronic spectra for supporting evidence, see subsequent 
paragraphs for contrary evidence). 
A 277 . h d f "d f recent paper w1t ata rom a Wl er range o 
high-spin, low-spin, iron(II), iron(III) complexes indicated 
that some oxidation state markers were unreliable. Diamag-
netic iron complexes could be separated into two classes depend~ 
ing on whether the sixth ligand L is primarily a a donor of 
a lone pair of electrons (for example, L=imidazole, pyridine) 
or on whether L is involved in substantial Fe-1 n bonding 
(for example, L=CO,N0,0 2). The similar Raman scattering of 
the latter class and "bonafide" iron(III) species is resolved 
with the realisation that those bands are sensitive to the 
extent of electron transfer from the iron onto the porphyrin. 
That this is apparently identical for species such as 
Feo 2 and Fe
111
-CN- implies nothing about electron transfer 
d . 277 onto 1oxygen . 
The dangers of arguing by analogy without a fundamental 
understanding of factors responsible for the effects being 
compared may be noted. 
Thus contrary to early proposals, resonance Raman 
spectroscopy, although able to distinguish between a-donor 
and a-donor plus n-acceptor sixth ligands, has not been 
shown to indicate the nett extent of electron transfer onto 
dioxygen. 
X-Ray Fluorescence Spectroscopy 
The iron KS fluorescence spectrum of Mbo 2 has 
indicated a spin equilibrium process:-
. . II ____, III - ( . . d~amagnet~c Fe -02 ~ Fe -02 ~ntermed~ate spin S=l). 
17 s. 
Under these conditions of high radiation flux MbCO remains a 
II . 278 diamagnetic Fe -CO spec1es Thus a paramagnetic state 
appears to be reasonably accessible for an iron-dioxygen 
species but not for an iron-carbonyl species. 
Results and conclusions from X-ray fluorescence 
studies parallel those for magnetic susceptibility. 
Mossbauer Spectroscopy 
Mossbauer spectra are sensitive to the electron 
density around the iron nucleus. 
The Mossbauer spectrum of Hbo 2 exhibits a negative 
electric field gradient and a large and temperature dependent, 
nuclear quadrupole splitting ~Eq 279 Oxygenated cytochrome 
P4SO has a similar large ~Eq value but ~Eq is only weakly 
. 28 0 
temperature dependent . No paramagnetic effects were 
observable when the Mossbauer spectra of Hb0 2 and oxygenated 
P4SO were examined in high magnetic fields at 4.S°K 280 ; 
this result is not inconsistent with the magnetic suscept-
. b '1-. f d . 1 330 A 1 h 1 1 1ty measurements o Cer on1o et a . proposa t at 
the temperature dependence of ~Eq for Hbo 2 (and its inorganic 
model Fe(TpivPP) (1-Me-imid) (0 2)) is attributable to 
different conformational states adopted by dioxygen has been 
advanced 281 . 
Both HbCO and the carbon monoxide-reduced cytochrome 
176. 
P450 adduct have quadrupole splitting constants similar 
to low spin iron(II) derivatives despite dissimilar Soret 
spectra for these two carbonyl adducts. II An Fe -co repres-
. . f d280 entat1on was 1n erre . 
For Hb0 2 , on the other hand, the large ~Eq values, 
not dissimilar to those for iron(III) complexes, and the 
negative sign of the electric field gradient were found 
compatible with partial loss of a metal t 2g electron and 
with 3d electron delocalisation through covalent bonding of 
. 279 280 d1oxygen ' That is, there is some nett electron 
transfer onto dioxygen. 
However, recent theoretical calculations have shown 
that the Mossbauer parameters of Hbo 2 and oxygenated 
cytochrome P450 may be accounted for by both an.Fei~o 2 
d F III 0 - f l t" 282 an an e - 2 ormu a 1on . 
Electrochemical Data 
The ease of oxidation of MI 1 (TPP) (2-Me-imid) (M=Co, 
Fe,Cr) species (Co<Fe<Cr) has been correlated with the affinity 
of M1I(TPP) (py) species for dioxygen (Co<Fe<<Cr) 134 . This 
would indicate some transfer of electron density from iron 
onto dioxygen. 
Solvent Effects 
T1 1 b . d. f d. . 2 6 6' 2 6 7 d t 1at t e 1n 1ng o- 1oxygen to 1ron an o 
b 1 1 2 2 5 . tl 1 d b 1 1 t co a t camp exes 1s apparen y en ance y po ar so ven s 
is indicative of some polarity in the iron-dioxygen linkage. 
Parallel studies with carbon monoxide do not appear to have 
been published; if the iron-carbonyl linkage is indeed 
non-polar and covalent, solvent effects should be less 
pronounced. It should be noted that the conclusions of 
these studies remain unaffected by the neglect to correct 
for the variation in solubility of dioxygen in different 
solvent systems. 
Concluding Remarks 
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The various lines of evidence,summarised in Table 4.2, 
tend to suggest a polarised iron-dioxyg~n species. The 
M11 ~o~ formulation that adequately represents magnetic and 
spectral properties of many cobalt-dioxygen systems appears 
to be reasonable for oxyhaemoglobin and possibly for other 
iron-dioxygen .complexes as well. But the evidence remains 
equivocal since some studies on carbon monoxide systems and 
their dioxygen analogues are nearly parallel while other 
studies indicate a fundamental dissimilarity between the 
two systems. 
Some evidence for greater covalency in the Fe-0 bond 
than in the Co-O bond arises from analysis of the crystal 
structure of Fe(TpivPP) (1-Me-imid)(0 2). 
described 1n the next section. 
This structure is 
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Table 4.2 III -Sumnary of evidence for and against Fe -02 formulation 
for Hb02 • 
Type of Study 
Magnetic susceptibility 
X-ray fluorescence 
Electronic spectra 
Mossbauer 
Infrared 
Resonance Raman 
Electrochemical 
Solvent 
Comments 
HbO : S=~ S=O; HbCO S=O ~ 2 . 
III - II Supports Fe -0
2 
or Fe (S=l) -0
2 
(S=l) 
II 
and Fe -co. 
·As above. 
Spectra Hbo2 , HbCO, met-HbOH not 
identical, Uv-vis region has been used 
III - III -
to support Fe -02 and Fe -co , but 
near-IR region indicates differences 
between Hbo2 and HbCO. 
o 2 different type of ligand to CO 
III - II 9 Fe -o2 (?), Fe -co. 
-Bond order coord. o 2 similar to o 2 . 
o 2 similar type of ligand to CO III - III - . Fe -02 , Fe -co now d1sputed. 
Ease of oxid; : Cr>Fe>Co 
Supports Feiii_o; by analogy with Coiii_o;~ 
Polar solvents enhance o 2 binding 
S t F III 0 -uppor s e - 2 . 
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4.2 The Crystal and Molecular Structure of the Dioxygen 
Adduct of (1-~ethylimidazole) meso-tetra(a,a,a,a,-
orthopivalamidephenyl) porphinatoiron(II), [Fe(TpivPP) 
(1-Me-imid) (0 2)] .~(c 6~6 ) .~(c 4~2H 6l. 
In this section the crystal and molecular structure 
of the title compound will be described. Aspects of the 
structure will be discussed and the validity of this compound 
as a model for the oxygen-binding component of myoglobin will 
be examined. Because of the non-routine nature of this 
structure analysi~considerable detail on the evolution of 
the final model for the structure will be g1ven. 
4.2.1. Introduction 
There has been considerable interest in the geometry 
of the iron-dioxygen linkage in oxyhaemoglobin long before 
the structures of iron-dioxygen complexes or related species 
were determined. Pauling and Coryell on determining that 
Hbo 2 and HbCO were diamagnetic proposed a linear Fe-0-0 
linkage for both species 67 . Pauling sUbsequently amended 
/ 0 68 his proposal to an angular end-on Fe-0 geometry . 
/ 0 69 Griffith proposed a side-on n-bonded Fe,b structure . 
Gray7 1 and Mingos 301 have also postulated a triangular 
structure. Dioxygen adducts with the Griffith geometry 
13 
are known for a wide range of metals and ligand systems 
(see also §2.2.3). The Pauling geometry has been observed 
13 for the dioxygen adducts of cobalt(II) comple~es 'III 
III ,Z;0-Co 
Dinuclear complexes of the diamagnetic Co -0 and 
. III .-/o-coiii 
paramagnet1c Co -0 type were the first to be 
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characterised by X-ray single-crystal structure analysis; 
their mononuclear parents were characterised later. The 
stereochemistry of mononuclear and dinuclear cobalt-dioxygen 
complexes is now precisely established largely through the 
efforts of Schaefer and coworkers 103 - 109 , 123 - 125 , (see also 
Table 2.2). 
While these mononuclear cobalt-dioxygen adducts are 
valid models for cobalt-substituted haemoglobins, their 
applicability to native haemoglobins may be questioned since 
they possess an additional electron. The reviews of §3.2 
and §4.1 indicate that differences do exist in the nature of 
the metal-dioxygen linkage, although both native and ~obalt-
substituted haemoglobin coordinate dioxygen reversibly and 
cooperatively. The oxygen affinities of cobalt porphyrin 
derivatives are less than those of cobalt(II) Schiff-base 
d · . 61 d . (II) h . d . t' 135-137 .er1vat1ves an 1ron porp yr1n er1va 1ves . 
The differences between cobalt and iron are highlighted by 
the non-existence of cobalt-carbonyl complexes analogous to 
cobalt-dioxygen complexes that have an amine axial ligand12 ~ 
and by the greater stability of iron-carbonyl adducts compared 
17 152 to their dioxygen analogues ' Thus to conclude that 
the Pauling geometry pertains to iron-dioxygen complexes by 
analogy with the structures of cobalt analogues is specious. 
However, nitrosyl adducts of cobalt(II) complexes are 
formally isoelectronic with dioxygen adducts of iron(II) 
.. i. ;0 
complexes. A strongly bent Co-N . group is exhibited by 
these complexes 206 , 226 - 228 Thus an angular geometry for 
the iron-dioxygen linkage may be expected. In addition,. 
contemporaneously with the preliminary structure determin-
ation of Fe(TpivPP) (1-Me-imid) (0 2), a model for the oxygen-
binding haem component of haemoglobins, the results of 
infrared studies by Caughey and coworkers on Hbo 2 and 
Mb0 2 were published. A bent bond was predicted
163
,
164
. 
An end-on bent bond geometry for iron-dioxygen 
complexes has now been unequivocally established. 
Utilising the atropisomerism of meso-tetra(ortho-
substituted phenyl) porphyrins (Figure 4.6) to create a 
protected binding site for dioxygen the irreversible 
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oxidation of porphinatoiron(II) specie.s (§4.1.l,reactions 
R4.4-R4.~ that occurs rapidly at ambient temperatures 
through bimolecular contact of Fe-0 2 and Fe(II) species 
can be avoided~ and crystalline iron-dioxygen complexes 
isolated. The preliminary structure of this compound has 
b . dll een.communlcate . 
4.2.2 Preliminary Studies and Data Collection 
Dark red crystals of the compound shown by this 
structure analysis to be [Fe(TpivPP) (1-Me-imid) (0 2)]. 
~c 6H 6 .~c 4N 2H 6 were recrystallised from benzene and examined 
by precession photography using Cu Ka X-radiation. Symmetry 
and systematic absences consistent with the monoclinic 
space groups C2/c(No.15) or Cc (No.9) were observed207 . 
All crystals exhibited some degree of twinning and/or poor 
mosaicity. The 10-faced crystal eventually selected was 
irregularly shaped with maximum and minimum dimensions of 
. 3 0.40 and 0.22 mm and volume 0.0145 mm . On the diffracto-
meter it was aligned with the ~-circle and c axes approximately 
coincident. 
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Crystal mosaicity (peak width at half-peak height) , 
as determined by open-counter w-scans at a take-off angle 
0 . 0 0 
of 3 , ranged from 0.12 to 0.19 for strong>low angle 
reflections. For some reflections a minor maximum of 
intensity, at worst less than 9% of the total integrated 
intensity, was observed in such scans. Peak profiles for 
a number of reflections are shown in Figure 4.7. The 
040 peak is quite symmetrical. Furthermore, the relative 
integrated intensities of the principal peaks for the 204 
and 402 reflections are in reverse order to those of the 
minor peaks; one minor maximum occurs on the low w-angle 
side of its major maximum (204) and the other occurs on 
the high w-angle side (402). This may indicate twinning 
of the type hkl and 'Lkfi. Note, this is not a case of 
intimate twinning (cell constants preclude this) but rather 
the major crystal has a minor crystallite differing in 
orientation by ~90° about their parallel b-axes. Such 
twinning would not be surprising in view of the near tetra-
gonality of the unit cell dimensions (see below) and the 
four-fold symmetry which may be possessed by meso-tetrapheny~ 
porphyrins. 
Crystal orientation and unit cell dimensions at 24°C 
were obtained by least-squares refinement of the setting 
angles of 12 reflections accurately determined using a 
diffracted beam collimator with a 5 mm aperture set 230 mm' 
from the crystal. Dimensions thereby obtained were 
0 0 
a= 18.690(3), b = 19.514(3), c = 18.638(3) A, S = 91.00(1). 
The linear absorption coefficient calculated for four .formula 
-1 
units in the cell, and Mo Ka radiation, was 2.93 em , and, 
since the maximum likely error due to negle~t of X-ray 
2.1)x1 03 c.p.s. 
002 
19rx103 ~p.s. 
32rxio3 c:.p..s.. 
o.2 M O.S 
040 
204 2 
10 
a.s tl.4 
Figure 4.7 Crystal mosaicity for Fe(TpivPP) (1..-Me-imid) (02 ). 
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00 
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absorption was less than 3%, absorption corrections were 
not applied. The preservation of the very limited number 
of crystals for other analyses precluded the sacrifice of 
a crystal for density measurements. 
Excluding systematic absences,3155 unique reflections 
0 0 in the range 0 <28<40 were collected by the 8-28 scan 
technique. A symmetric scan range of 1.20° in 28 centred 
on the calculated peak position comprised 60 steps each of 
four seconds duration. Stationary counter, stationary 
crystal background counts at each end of the scan were 
recorded for 12 seconds. Reflections with peak count rates 
greater than 8,000 per second were re-recorded with a copper 
foil attenuator placed in the path of the diffracted beam 
to bring the count rate within the linear response range 
of the scintillation counter. Three standard reflections 
monitored every 100 reflections showed no systematic vari-
ation in intensity. The data were scaled and corrected 
for Lorentz and polarisation effects. Due to a computer 
mishap half the OKL data were collected later under changed 
experimental conditions (orientation, incident beam intensity). 
Accordingly in refinement of the structure two scale factors 
were applied. 
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4.2.3 Solution and Refinement of the St~ucture 
Analysis of the three-dimensional Patterson synthesis 
established coordinates for the iron atom on special positions 
2e in space group C2/c. Successful least-squares refine-
ments of the structure were carried out in this space group 
which imposes two-fold rotational symmetry on the molecular 
species. That the porphinato plane was parallel to the 
a-c crystal plane was inferred from the plane of the strongest 
reflection(040) and the location of the iron atom on the two-
fold axis parallel to the crystal b-axis for space group 
C2/c. This was· confirmed in a plot of the u,O,w plane of 
this Patterson synthesis (Figure 4.8); the plot possessed 
approximate 4mm symmetry and since the c-glide plane is 
parallel to the a-c plane the orientation of the meso-tetra-
phenylporphinato skeleton was unambiguously established. 
Phenyl and pyrrole rings were initially refined as 
rigid groups each with a single isotropic temperature factor. 
The initial model assumed the two crystallographically 
independent pivalamide nitrogen atoms were ortho substituents 
on two phenyl rings which were oriented to give the a,a-
atropisomer. Application of the two-fold symmetry operation 
generates the a,a,a,a-atropisomer for the whole molecule. 
It was also assumed that nitrogen (from 1-methylimidazole) 
and oxygen (from dioxygen) atoms occupied the unhindered and 
. hindered axial coordination sites, respectively. This 
partial model was refined so that R = 0.28 and R = 0.36 for 
w 
those 1105 reflections having I>3o 1 . At this stage the 
weighting scheme p-factor was assigned a value of 0.08. 
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Figure 4.8 Plot of the u,O,w plane of the Patterson synthesis 
for the solvate of Fe(TpivPP) (1-Me-imid) (02). 
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From two weighted F(obs) Fourier syntheses, positions 
for the remaining atoms of the 1-methylimidazole ligand and 
the pivalamide· "pickets" (except for the terminal 
methyl groups) were obtained. Two-fold rotational disorder 
is imposed on the 1-methylimidazole ligand; in particular 
this leads to a hybrid carbon-nitrogen position (~C + ~N 
scattering factor) and half-occupancy of the methyl group 
position. Least-squares refinement of improved models 
based on the above syntheses led toR= 0.20 and R = 0.28. 
w 
To confirm the disorder in the pivalamide methyl 
carbon atoms, which was indicated in Fourier syntheses, 
further F(obs) Fourier syntheses were calculated parallel 
to the presumed mean planes of the two groups of such atoms. 
Notwithstanding the spurious features and distortions 
induced by transforming the hkl indices into a new axial 
system based on the mean planes, it is evident that for 
each "picket" these methyl carbon atoms are disordered ~nto 
two sets (Figure 4.9). High thermal motion is also evideni. 
Six half-carbon atoms,with individual isotropic temperature 
factors,for each "picket" were included in the model which, 
on refinement, led toR= 0.16 and Rw = 0.22. One half-
carbon atom was unfortunately misplaced due to a punching 
error and failed to refine sensibly. Its position was 
corrected prior to subsequent refinements. 
At this stage a difference Fourier synthesis revealed 
four-fold disorder in the terminal oxygen atom of the dioxygen 
ligand; that is there were two crystallographically independent 
positions. Figure 4.10 depicts this disorder. One section 
of a difference Fourier syntheses calculated parallel to the 
Figure 4.9 
Scale:- 1.0 A 
Sectionsof Fourier syntheses showing the disorder of the 
pivalamide methyl carbon atoms for Fe(TpivPP) (1-Me-imid) (02). 
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Figure 4.11 Section of a Fourier synthesis 
in the plane of the solvate · 
species for Fe(TpivPP) (1-Me.,.imid)..,.. 
(02) • The final interpretation 
of the electron density is indicated. 
Figure 4.10 
1.0 A 
Section of a Fourier synthesis 
showing the disorder of terminal 
oxygen atom for Fe(TpivPP) (1-Me-imid) (02). 
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co 
1..0 
plane of the solvate species 1s shown 1n Figure 4.11. 
The terminal oxygen atom (distributed equally between the 
two crystallographically independent positions), as well 
as the solvate species, tentatively presumed to be a 
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benzene molecule, were added to the model. Two cycles of 
least-squares refinement led to 
R = 0.106 and R = 0.130. 
w 
Atoms of the pivalamide "pickets" and the solvate 
species exhibited high thermal motion. Moreover, analysis 
of the locations of residual electron density, calculated in 
a difference Fourier synthesis 1 indicated the necessity for 
anisotropic models to describe the thermal motions of these 
atoms. In addition,atoms in phenyl groups were allowed 
individual temperature factors, rigid group constraints on 
the pyrrole rings were relaxed and anisotropic thermal 
parameters were applied to the iron, porphinato nitrogen and 
imidazole ligand atoms. 
This model was refined in two blocks, but the benzene 
solvate molecule refined poorly. Re-examination of Fourier 
syntheses indicated that it could perhaps be more approp-
riately described as a mixture of 1-methylimidazole and 
benzene molecules. The contributions of the rest of the 
model to the structure factors were held constant and various 
mixed-solvate models were tested. Because of the near-
superposition of atoms of 1-methylimidazole and benzene 
molecules, refinement of a single-atom model would have been 
inappropriate. Consequently, for the final cycles of 
refinement, the geometry, relative proportions and disposition 
of the two species were held constant in a rigid group. 
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This model is also illustrated in Figure 4.11. In view 
of the large number of parameters needed to adequately 
describe the structure it was necessary to use more data. 
Consequently, in the final cycles of full-matrix least-
squares refinement using 1784 reflections having I>ai, 
the 60 non-hydrogen atoms were described by 312 variable 
parameters. The weak data, I~3ai, which had consistently 
returned poor agreement between IFcl and IF0 1 in earlier 
structure factor calculations were not utilised. 
to 
The final model refined from R = 0.117 and R = 0.125 
w 
R = 0.109 and Rw = 0.116 
at convergence. The standard error in an observation of 
unit weight was 1.324. For the portion of data having I>3ai 
R = 0.076 and Rw = 0.096. 
In the final cycle the ratios of the change 1n a parameter 
to its estimated standard deviation were less than 0.10 and 
0.20 for all positional and thermal parameters, respectively, 
except for those describing the pivalamide methyl carbon 
atoms where the respective ratios were 0.50 and 0.60. The 
fi~al difference Fourier synthesis was flat; some peaks did 
occur in chemically reasonable positions for pyrrole hydrogen 
atoms, others occurred near the solvate species and pivalamide 
methyl carbon atoms. 
Physically meaningful thermal ellipsoids were obtained 
for all atoms refined with anisotropic thermal parameters. 
While there is gross eccentricity in the thermal motion of 
the pivalamide methyl groups, the earlier Fourier syntheses 
did not indicate complete rotational disorder. It is 
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generally true that refining structural models with limited 
data causes anisotropic thermal ellipsoid eccentricity to 
be accentuated. Deficiencies inevitably inherent in this 
or any other description of the solvate species are also 
acknowledged. 
Since the averaged values of the minimised function 
appeared to be generally independent of IF I and sine;~· 
0 
the weighting scheme was judged satisfactory, although low 
0_1 
angle reflections (sinB/A<0.23 A ) returned a higher value 
of the function than the remainder of the data. Although 
the p-factor for the optimal weighting scheme is high (0.11), 
this is attributable not to instrumental instabilities but 
to (i) the preponderance of weak (and hence less precisely 
measured) data used in refinements, (ii) the twinned nature 
of the crystal used for data collection, (iii) deficiencies 
inherent in this description or any other description for 
the thermal motion and/or disorder of certain parts of the 
structure and (iv) the non-inclusion of 76 hydrogen atoms 
(which will of course most affect the low angle data). 
IF 0 1 and IFcl for all data are tabulated in Appendix 1. 
The final scale factors to place calculated and observed 
structure factors on the same scale were 0.6154(41) and for the 
Ok.l, l-odd, data 0.594(12). Among the data not used in 
refinement there are few serious discrepancies between IF 0 1 
and IF I; for all data 54 reflections (out of 3156 reflections) 
c 
lie outside the range 
193. 
A number of reflections outside these limits, including 
the moderately strong 404 reflection, are of the type 
hkl where h~l and k<<l; the planes so defined are approx-
imately parallel to the solvate species. The agreement 
factors for all data ~ere 
R = 0. 2 2 2 arid Rw = 0 . 14 7 
and the standard error in an observation of unit weight was 
1. 294. There is no evidence among intense low angle reflect-
ions for secondary extinction. 
Final atomic parameters and root-mean-square thermal 
displacements along the principal ellipsoid axes together 
with their associated standard deviations are contained in 
Tables 4.3 and 4.4 respectively. 
In summary the prec1s1on of the resultant structur~ 
is compromised by the following factors: 
1. Limited data of indifferent quality due to crystal 
twinning and weak scattering. 
2. Crystallographically imposed disorder for the terminal 
oxygen atom and the 1-methylimidazole molecules. 
3. Possible irresolvable disorder of the bonded oxygen 
atom analogous to that observed for the nitrosyl compounds 
206 [ ]2+ 227 . Co(TPP)(NO) and Co(NH 3) 5NO and 1nferred for 
Co(salen-C 2H4-py) (0 2). (see also next subsection). 
4. Non-crystallographically imposed disorder for the 
terminal oxygen atom and for the pivalamide methyl carbon 
atoms, and high thermal motion of this and other parts of 
the structure. 
5. The ill-resolved solvate Species; the final difference 
Fourier synthesis indicated inadequacies in the model used 
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Atom 
Fe 
0(1) 
0(2A) 
0(2B) 
N(L3) 
C(L2)b 
CN(L) 
C(Ll) 
N(lO) 
C(11) 
C(l2) 
C(l3) 
C(14) 
11(30) 
C(31) 
C(32) 
C(33) 
C(34) 
C(15) 
C(35) 
N(ll) 
C(22) 
0(10) 
C(23) 
C(24A) 
C(25A) 
C(26A) 
C(24B) 
C(25B) 
C(26B) 
N (31) 
C(42) 
0(30) 
C(43) 
C(44A) 
C(45A) 
C(46A) 
C(44B) 
C(45B) 
C(46B) 
Atom 
C(16) 
C(17) 
C(18) 
C(19) 
C(20) 
C(2l) 
C(36) 
C(37) 
C(38) 
C(39) 
Group 
X 
0 
0 
-0.046(3) 
-0.013(2) 
0 
-0.0435(8) 
-0.0230(12) 
.-o. o426 Cl6l 
0.0952(5) 
0.1119(7) 
0.1895(8) 
0.2199(8) 
0.1624(7) 
0.0448(5) 
0.1179 (7) 
0,1288(7) 
0.0619(8) 
o. 0096 (7) 
0.1712(6) 
-0.0618(7) 
0.2401(7) 
0.2601(12) 
0.3235(9) 
0. 2075 (14) 
0,122(3) 
0.218(4) 
0.221(4) 
0.163(6) 
0.243(3) 
0.160 (3) 
-0.1057(7) 
-0.1215 (13) 
-0.1380 (11) 
-0.1116(12) 
-0.178(3) 
-0,061(4) 
-0.081(3) 
-0.123(4) 
-0.048(3) 
-0.181(3) 
X 
0.2484(5) 
0.2865(8) 
0.3570(8) 
0.3894(5) 
0,3512(8) 
0.2808(8) 
-0.0895(6) 
-0.0936(6) 
-0.1199 (7) 
-0.1422 (7) 
Phcnyl-16 
Phcny1-36 
Solvate 
y 
0.13975(15) 
o. 2292 (10) 
o. 267 (2) 
0,269(2) 
0,0337(9) 
-0.0074(9) 
-0.0745(8) 
-0.1358(18) 
0.1379(6) 
0.1347 (7) 
0,1386 (8) 
0.1452(8) 
0.1423(7) 
0.1385(5) 
0.1415 (7) 
0.1396 (8) 
0.1364 (8) 
0.1354 (7) 
0,1448(7) 
0.1332(7) 
0.2655(7) 
o. 3289 (12) 
0.3424(7) 
0.3884(12) 
0.364(4) 
0.420(3) 
0.440(3) 
0.375(4) 
0.456(2) 
0.382(4) 
0, 2453 (8) 
0.3098(13) 
0. 3237 (9) 
0. 3674 (11) 
o. 389 (3) 
0.348(3) 
0.437(2) 
0.339(3) 
0.406(3) 
0.418(3) 
z 
1/4 
1/4 
0.235(3) 
0.293(2) 
1/4 
o.i941 (9) 
o. 2746(8) 
0.3037(17) 
0.2065(5) 
0.1342 (8) 
0.1225 (8) 
0.1907(8) 
0.2433(7) 
0.3475(5) 
0.3648(7) 
0.4422(7) 
0.4722 (8) 
0.4129(7) 
0.3160(6) 
0.4216(7) 
0.3661(7) 
0. 3672 (10) 
0.3766(9) 
0. 3591 (13) 
0.377(5) 
0.289(2) 
0,423(3) 
0.290(5) 
0.352(5) 
0.412 (5) 
0.4976(7) 
0.5158 (11) 
0. 5772 (10) 
0.4640(10) 
0.431(3) 
0.399(5) 
0.505(2) 
0.389(3) 
0.472 (3) 
0.482(3) 
(n) Individually refined atoms 
0.00310(11) 
7.2(4) 
7.0(10) 
6.2(10) 
0.0032 (7) 
0.0050(7) 
0.0111(16) 
'0.0043 (13) 
0,0027(4) 
5, 3 (3) 
6. 2 (3) 
6.3(4) 
5.1(3) 
0.0031(4) 
4. 7 (3) 
6.0(3) 
6.3 (4) 
4. 6 (3) 
4.1 (3) 
4.9(3) 
0.0036(5) 
0.0036(9) 
0.0074(8) 
0.0044(10) 
0.003(2) 
0.010(3) 
0.014(4) 
0.019(6) 
0.012(3) 
0.002(2) 
0.0067(7) 
0.0113 (13) 
0.0163(13) 
0.0067(11) 
0,004(2) 
0,008(3) 
0.013(4) 
0.009(3) 
0,0039(18) 
0,006(2) 
0,00280(11) 
0.0030(7) 
0. 0031 (7) 
0,0026(5) 
0.0049(15) 
0.0038(4) 
0.0027 (4) 
0.0035(5) 
0.0062(11) 
0.0062(7) 
0.0071(12) 
0.008(3) 
0.008(3) 
0.007(2) 
0.010(4) 
0.0034(17) 
0.007(3) 
0.0043(6) 
0.0067 (11) 
0.0096(9) 
0.0061(9) 
0.012 (3) 
0.0045(20) 
0.0028(15) 
0.011 (3) 
0.006(3) 
. 0,007(2) 
0.00280(10) 
0.0054(8) 
0.0058(8) 
o. 0052 (11) 
0.0067(15) 
0;0036(4) 
0.0034 (4) 
0.0063(6) 
0.0071(9) 
0.0149(11) 
'0.0072 (12) 
0.014(4) 
0. 0018 (14) 
0.0041(17) 
0.017 (6) 
0.015 (5) 
0.014(5) 
0.0042(6) 
0.0024 (7) 
0. 0079 (9) 
0.0040(8) 
0.007(3) 
0.016 (4) 
0.0045(19) 
0.005 (2) 
0.010(3) 
0.009(3) 
0 
0 
-0.0012(6) 
-0.0017(7) 
-0.0012 ( 12) 
0.0005(4) 
-0.0000(3) 
-0.0002(4) 
-0.0023(8) 
-0.0014(6) 
0.0017(9) 
0.001(2) 
0.005(2) 
0.002(2) 
0.009(4) 
-0.0034(18) 
0.001(2) 
0.000(5) 
0.0008(9) 
0.0036(8) 
-0.0000(9) 
0.000(2) 
0.0009(19) 
-0.0002(19) 
0.002 (3) 
-0.0006(19) 
0,0029(18) 
(b) Derived Parameters for Atoms Constrained in Rigid Groups 
y 
0.1449 (8) 
0.0836(6) 
0.0818(7) 
0.1414 (9) 
0.2027(7) 
o. 2045 (6) 
0.1252(7) 
0.0610(5) 
0.0549(5) 
0.1130(7) 
X 
0.3189(4) 
-0.1158(3) 
0 
z 
o. 3435 (7) 
0.3429(7) 
0.3683(8) 
0.3943(8) 
o. 3949 (7) 
0.3695(7) 
0.4978(5) 
0.5301(7) 
0.5991(7) 
0.6359(5) 
y 
0.1432 (4) 
0.1191(4) 
0.612(1) 
B 
5.3(3)e 
6.9(4) 
7.3 (4) 
8.5(4) 
8.1(5) 
5.9(4) 
4.8(3) 
6.0(4) 
6.2 (4) 
7.6(4) 
.Atom 
C(40) 
C(41) 
c (sis) 
C(S2B) 
C(S3B) 
C(S4B) 
C(SlA) 
N(SlA) 
C(S2A) 
CN(SA) 
X 
-0.1381(7) 
-0.1118 (7) 
0 
0,0453 (9) 
0,0453(9) 
0 
0 
0 
0,0412(8) 
0,0259(5) 
(c) Group Parameters 0 
z 
0.3689(3) 
0.5669(3) 
1/4 
0.053(7) 
0.143(6) 
1f 
y 
0,1772(6) 
0.1833(5) 
0.637 (1) 
0.601(1) 
0.530(1) 
0.494(1) 
0.688(1) 
0.612(1) 
0.570(1) 
0,505(1) 
e 
0.218(6) 
0.039(6) 
11 
-0.00013(7) 
-0.0017 (6) 
-0.0027(6) 
-0.0037(8) 
0.0006 (11) 
-0.0006(3) 
0.0003(3) 
-0.0005(4) 
-0.0001(7) 
-0.0025(7) 
-0.0006(9) 
0.002(2) 
0.0026(17) 
-0.004(2) 
-0.016(6) 
0.002(3) 
0.004(2) 
'0.0010(5) 
0.0015(7) 
0.0042(9) 
-0,0010(7) 
-0.004. (2) 
0.010(3) 
-0.004(2) 
0.000(2) 
0.0022 (19) ' 
0.001(2) 
z 
0.6037(7) 
0.5346(7) 
1/4 
0.2972(8) 
0.2972(8) 
1/4 
1/4 
1/4 
0.2929(7) 
0,2769(5) 
p 
-0.340(6) 
-1.944 (6) 
2.35(1) 
a The fonn of the anisotropic thermal ellipsoid i~ exp[Ce11h2 + B22k2 + a33 L2 + 2612hk + 2613hL + 2623ktl]. 
b CN(L) 1 hnlf carbon/half nitrogen atom, 
c Angles in radians. 
d Atoms allowed individual temperature factors. 
~23 
0 
0 
0.0011 (6) 
0.0011 (5) 
0.0024 (13) 
-0.0007 (4) 
0.0002 (4) 
-0.0006 (4) 
-o. ooog (7) 
0.0007(6) 
-0.0017(8) 
0.008 (3) 
0.0011 (5) 
-0.0027 (17) 
-0.005(4) 
0.001(2) 
0.000(3) 
-0.0008 (5) 
0,0003(8) 
0.0010 (7) 
0.0012(8) 
0.000(2) 
0.005(2) 
-0.0016 (12) 
0.005(2) 
0.003(2) 
0.000(2) 
B 
6.2(4) 
5.4(3) 
12.0266 
12.0266 
12.0266 
12.0266 
14.0266 
12.0266 
12.0266 
12.0266 
B group 
d 
-d 
12.0(5) 
195. 
0 
Table 4.4 RMS components of thermal displacement (in A) along 
the principal ellipsoid axes for Fe(TpivPP(l-Me-imid) (o2). 
Atom RMS 1 RMS 2 RMS3 
F.e 0.219(4) 0.232(4) 0.237(4) 
N (L3) 0.199(26) 0.242(29) 0.336(25) 
C (L2) 0.209(25) 0.227(27) 0.394(23) 
CN(L) 0.204(25) 0.246(28) 0.487(33) 
C (Ll) 0.209(52) 0.304(42) o. 389 (43) 
N (10) 0.204(17) 0.236(16) 0.296(15) 
N (30) 0.224(16) 0.230(16) 0.249(14) 
N (11) 0.246(18) 0.256(19) 0.342(17) 
C(22) 0.199(32) 0.346(23) 0.386(28) 
c (23) 0.255(33) 0.322(27) 0.418(30) 
C(24A) 0.209(89) 0.228(59) 0.600(97) 
C(25A) 0.137(75) 0.284(53) 0.521(70) 
C(26A) 0.186(67) 0.363(58) 0.546(73) 
C(25B) 0.200(78) 0.479(69) 0.520(82) 
C(26B) 0.128(128) 0.379(77) 0.520(83) 
C(24B) 0.127(98) 0.374(66) 0.823(126) 
N (31) 0.238(20) 0.307(19) 0.352(18) 
C(42) 0.197(31) 0.355(29) 0.454(26) 
0 (30) 0.331(20) 0.396(19) 0.587(22) 
C(43) 0.238(29) 0.343(30) 0.363(28) 
C(44A) 0.159(80) 0.405(78) 0.478(69) 
C(45A) 0.075(148) 0.293(63) 0.637(74) 
C(46A) 0.145(74) 0.281(57) 0.508(74) 
C(44B) 0.207(63) 0. 384 (81) 0. 527 (71) 
C (45B) 0.202(69) 0.320(66) 0.465(83) 
C(46B) 0.251(63) 0.382(68) 0.430(72) 
0(10) 0.308(19) 0.370(18) 0.530(20) 
196. 
tthe best model found for the solvate species involved an 
equal mixture of 1-methylimidazole and benzene molecules 
with their relative dispositions illustrated in Figure 4.11). 
4.2.4. Other Calculations 
The data with which the structure was initially solved 
employed a shorter scan time (60 steps each of one second 
duration). The preliminary structural model described in 
reference [11], did not incorporate disorder of the pival-
amide methyl carbon atoms and the solvate species was 
accounted fo~ in that early model, as an imidazole molecule. 
The positional and isotropic thermal parameters of all atoms 
were not subjected to rigid group constraints but were 
refined individually. The inadequacies apparent in the 
description of the "picket fence" and solvate components 
(high thermal parameters and anomalously large shifts in 
least-squares refinements) led to the collection one year 
later of a more precise data set from the same crystal and 
to a close examination of these components. It is at this 
stage that the author was introduced to the structure and 
its problems._ The cell parameters of the original data set 
are quoted for consistency with published values, although 
those of the recollected data (a= 18.688(3), b = 19.506(3), 
0 
c = 18.642(3) A, B = 91.03(1) 0 ,which are insignificantly 
different from the original ones,were used in all calculations 
pertaining to this structure reported herein. 
The usual statistical analyses on normalised structure 
factors were, not surprisingly, in close agreement with 
those predicted for a centrosymmetric structure. Refinements 
Figure 4.12 
Figure 4.13 
197. 
Stereoscopic diagram of Fe(TpivPP) (1-Me-imid) (o2 ). 
The atom labelling system is defined. Thermal 
ellipsoids are drawn at the 20% probability level. 
Disorder of the pivalamide methyl carbon atoms is 
omitted. 
Stereoscopic diagram of Fe(TpivPP}(l-Me-imid) (0 2 ) viewed 
down the two.,...fold axis and showing the disorder of the 
pivalamide methyl carbon atoms. Thermal ellipsoids 
are drawn at the 20% probability level. 
in the alternative non-centric space group Cc (no point 
symmetry imposed on the molecule) did not improve the 
198. 
description of the molecule. While the pivalamide methyl 
groups refined to positions close to th~ disordered centric 
model, the porphinato· skeleton refined very poorly with 
pairs of bond lengths related by the pseudo-two-fold axis 
alternatively shorter or longer than chemically reasonable 
values (approximately those obtained in the centric space 
group). No evidence for ordering of the 1-methylimidazole 
or dioxygen ligands could be found. Refinements in space 
group Cc were therefore abandoned and the structure closely 
re-examined in space group C2/c as described in the previous 
subsection. 
4.2.5 Description and Discussion of the Structure 
General Description and Crystal Packing 
The crystal structure comprises neutral monomeric 
molecules of Fe(TpivPP) (1-Me-imid)(0 2 )~illustrated in 
Figures 4.12 and 4.13. Solvate sites along the crystallo-
graphic two-fold axis are occupied by 1-methylimidazole and 
benzene molecules. Crystal packing is shown in Figure 4.14. 
The atom and atom-group labelling scheme for the complex, 
which is also appropriate to the other "picket fence" por-
phyrin structures described in this chapter, and for the 
solvate species is defined in Figure 4.15. 
A crystallographic two-fold rotational axis passes 
through the coordinated oxygen atom 0(1), the iron atom 
and the coordinated nitrogen atom N(L3) of the axially 
bound 1-methylimidazole ligand. c2 point symmetry 
Figure 4.14 Stereoscopic diagram of the,packing of 
Fe(TpivPP) (1-Me~imid) (02) and solvate 
species with respect to the unit cell. 
Disorder of the pivalamide methyl carbon 
atoms and dioxygen is omitted. Only 'the 
1-Me-imid solvate species is included. 
f--' 
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Figure 4.15: Atom and group labelling system for the 
Fe{TpivPP) (1-Me-imid) moiety and for the 
solvate specie~. 
CCS3Bl 
CCS2A) 
CCS2Bl 
N 
0 
0 
is therefore imposed on molecular species, and, in 
particular, on the 1-methylimidazole ligand which can be 
considered statistically disordered between the two 
symmetry related sites as illustrated in Figures4.12 and 
4.13. 
201. 
The complex has four "pivalamide pickets" shielding 
one side of the porphyrin (the a,a,a,a-atropisomer), 
thereby forming a protective pocket wherein dioxygen is 
coordinated in the end-on bent bond mode predicted by 
P 1 . 68 au 1ng . The terminal oxygen atom was found to be 
disordered into two crystallographically independent 
positions, O(ZA) and 0(2B), and thus exhibits overall four-
a 
fold disorder. The iron-oxygen separation is 1.75(2)A; 
0 
the Fe-N(L3) separation is 2.07(2)A. The two crystallo-· 
graphically independent iron-porphinato nitrogen separations 
0 
r(Fe-N(10)) and r(Fe-N(30)) are 1.97(1) and 1.99(1) A, 
respectively. A comprehensive compilation of bond distances 
·and angles may be found in Tables 4.5 and 4.6. 
The methyl carbon atoms of each crystallographically 
independent pivalamide "picket" have highly anisotropic 
thermal motion and are disordered into two sets (Figure 4.13). 
The final refined parameters for these atoms show that, 
relative to a rotation about the C(22)-C(23) bond, the two 
sets of positions for the methyl carbon atoms of "picket" 
Piv-11 differ in orientation by ~53°; for "picket" Piv-31 
the corresponding rotation is ~76°. Figure 4.16 ~pe~ifies 
the disorder. With bond lengths of the type C(23) to methyl 
half-carbon atom and C(43) to methyl half-carbon atom in 
0 
Table 4.5 t Bond distances (in A) for Fe(TpivPP) (1-Me-imid) C02). 
Atom Distance Average a Atom Distance Avera9ea 
Fe-0 (l) 1.745(18) 
-
c (15) -c (16) l.52c 
Fe-N(L3) 2.068 (18) 
-
c (35) -c (36) 1.53 1.53 
Fe-N(10) 1.969 (]:0) . N(ll)-C(21) 1.41 
Fe-N(30) l. 988 (10) 1.979(10) N(31)-C(41) 1.40 1.41 
.O(l)-0(2A) 1.17 (4) * N(ll)-C(22) 1. 29 (2) • 
0(1)-0(2B) 1.15(4) 1.16(4) N(J1)-C (42) 1.34 (2) 1.32(2) 
~I(L3) -C (L2) 1.42(2) 
-
c (22l -o (10l 1.22 (2) • 
C(L2)-CN(L) 1.41(2) 
-
c (42) -o (30) 1.22 (2) 1.22(2) 
CN(L)-CN(L) l. 27 (3) 
-
c (22) -c (23) 1.53 (3) .. 
CN (L) -C (L1) 1.36(3) 
-
C(42)-C(43l 1.50(3) 1.52(3) 
N(10)-C(ll) 1.390(15) • C(23)-C(24A) 1. 70 (6) • 
N(10)-C(l4) 1.423 (15) . c (23) -c (25Al 1.47 (4) • 
N (30) -c (31) 1.398 (15) .,. C(23)-C(26AJ" 1.58(4) 
N(30)-C(34) 1.397 (14) 1.402(14) C(23)-C(248) 1.54 (5) • 
C(ll)-C(l2) 1.473 (17) * C(23)-C(25B) 1.48(4) • 
c CDJ -c C14l 1.469 (17) • C(23)-C(26B) 1.35 (7) 1.52 (12) 
C(31)-C (32) 1.455 (16) * C(43)-C(44A) 1.43 (5) • 
c (33J -c (34J 1.462 (17) 1.465 (8) C(43)-C(45A) 1.59(5) • 
C(l2)-C(13) ·1. 388 (17) • C(43)-C(46A) 1.65 (4) .. 
C (32)-C (33) 1.380 (17) . 1.384(17) C(43)-C(44B) 1.52(6) 
C(l5)-C(14) 1.364(15) * . C(43)-C(45B) 1.42(5) * 
C(15)-C(31) "1.363 (15) • C (43)-C (46B) 1.66 (5) 1.53 (11) 
c C35J -c (34) 1.348 (15) * 
-'b 
c (35l -c en> 1. 388 (16) 1.366(17) 
a The e.s.d. for the average is conventionally derived from the dispersion of chemically equivale~t 
bond lengths about their mean, except where the average is calculated over only two chemically 
equivalent bonds in which case the e.s.d. is the longer of the e.s.d.'s calculated for an individual 
bond length. 
b . A single quote denotes an atom whose position is generated by the c2 symmetry. 
c CORFFE does not calculate estimated standard deviatigns (e.s.d.) in bond parameters for atooscon-
strained in rigid groups. However an e.s.d. of 0.02 A is reasonable. 
N 
0 
N 
Table 4.6 1 Bond angles (in°) for Fe(TpivPP)(l-Me-imid)(02). 
Atoms 
N(lO)-Fe-N(lO) 1 
N (30) -Fe-N (30) 1 
N(l0)-Fe-N(30) 
N (10) -Fe-N (30)' 
O(l)-Fe-N(10) 
0(1)-Fe-N(30) 
N(L3)-Fe-N(l0) 
N(L3)-Fe-N(30) 
0(1)-Fe-ll(LJ) 
Fe-0(1) -o (2A) 
Fe-0(1)-0(28) 
Fe-N(L3)-C(L2) 
C(L2)-N(L3)-C(L2) 1 
N(L3)-C(L2)-CN(L) 
C(L2)-CN(L)-CN(L)' 
C(L2)-cN(L)-C(L1) 
CN (L) 0 -CN (L) -C (L1) 
Fe-N(lO)-C (11) · 
Fe-N(10)-C (14) 
Fe-N (30)-.C (31) 
Fe-N(30)-C(34) 
N (10) -c,(l4J -c (15) 
N(10)-C(11)-C(35)' 
N(30)-C(34)-C(35) 
N(30)-C(31)-C(l5) 
C(l3)-C(14)-C(l5) 
C(1?.)-C(ll)-C(35)' 
C(33)-C(34)-C(35) 
C(32)-C(31)-C(15) 
C(11)-N(l0)-C(l4) 
C(31)-N(30)-C(34) 
N(10)-C(ll)-C(12) 
N(10)-C(l4)-C(13) 
N(30)-C(31)-C(32) 
·. N(30)-C(34)-C (33) 
C(11)-C(12)-C(l3) 
C(12)-C(l3)-C(14) 
C(31)-C(32)-C(33) 
C(32)-C(33)-C(34) 
C(l4)-C(15)-C(31) 
C(34)-C(35)-c(11) 1 
C(l4)-C(15)-C(l6) 
Angle 
177.9(7) 
178.6(6) 
90.4 (4) 
89.5(4,! 
91.1(3) 
90.7(3) 
88.9(3) 
89.3(3) 
180 
129(2) 
133 (2) 
124.5(10) 
111.0 (20)" 
102.4(17) 
112.1(10) 
129(2) 
118.5(17) 
128.3(8) 
126.6(8) 
127.1(8) 
127.0(8) 
124.8(12) 
124.6(12) 
126.1(11) 
124.9 (11) 
125.9(12) 
122.9(12) 
124.0 (12) 
124.9 (12) 
105.0(11) 
lOS. 9 (10) 
112.3 (12) 
109.3(11) 
110.2(11) 
109.9(11) 
104.9(12) 
108.4(12) 
106.9(12) 
107.0(12) 
125.8(11) 
124.4 (12) 
115.6b 
C(31)-C(l5)-C(l6). 118.4 
C(34)-C(JS)-C(36) 
C(ll) '-c(J5)-C(J6) 
117.9 
117.7 
178.3(7) 
90.0(4) 
90.9(3) 
• 
89,1(3) 
131(2) 
• 
• 
127.3(7) 
• 
* 
125.1(7) 
• 
124.4(13) 
• 
105.5 
* 
• 
110. (13) 
• 
• 
• 
106.8 (14) 
125.1(12) 
• 
117.4(12) 
Atoms 
C(15)-C(l6)-C(17) 
C(1S)-C(16)-C(21) 
C(3S)-C(36)-C(37) 
C(35)-C(36)-C(41) 
N(11)-C(21)-C(20) 
N(31)-C(41)-C(40) 
N(ll)-c(21)-C(l6) 
N(31)-C(41)-C(36) 
C(21)-N(ll)-C(22) 
C(41)-N(31)-C(42) 
.N(11)-C(22)-0(l0). 
N(31)-C(42)-0(30) 
N(11)-C(22)-C(23) 
N(31)-C(42)-C(43) 
0(10)-C(22)-C(23) 
0(30)-C(42)-C(43) 
C(22)-C(23)-C(24A) 
C(22)-C(23)-c(25A) 
C(22)-C(23)-C(26A) 
C(22)-C(23)-C(248) 
C(22)-c(23)-C(25B) 
C(22)-C(23)-C(268) 
C(42)-C(43)-C(44A) 
Ci42)-c(43)-c(45A) 
C(42)-C(43)-C(46A) 
C(42)-C(43)-C(44B) 
C(42)-c(43)-C(458) 
C(42)-c(43)-C(46B) 
C(24A)-C(23)-C(25A) 
c (24Al -c (23) -c (26AJ 
C(25A)-C(23)-C(26A) 
c (248) -c (23) -c (258) 
C(24B)-c(23)-c(268) 
C(25B)-c(23)-c(26B) 
C(44A)-C(43)-c(45A) 
C(44A)-C(43)-c(46A) 
C(45A)-C(43)-C(46A) 
C(44B)-c(43)-C(458) 
C(44B)-C(43)-C(46B) 
C(45B)-c(43)-C(46B) 
Angle 
118.s· 
121.5 
121.0 
119.0 
122.8 
124.3 
117.2 
115.7 
130.5 
131.9 
119(2) 
121(2) 
122.7(18) 
120.0(18) 
118(2) 
118(2) 
112 (3) 
108(2) 
108(2) 
107(3) 
114(3) 
107(3) 
113(3) 
113 (2) 
112(2) 
108(3) 
117(3) 
102(3) 
116(3) 
100(5) 
113(4) 
108(5) 
104(6) 
117(4) 
105(4) 
104(3) 
109(4) 
113(4) 
108(4) 
109(4) 
203. 
Averagea 
120.0(15) 
120.0(42) 
* 
131.2 
• 
120(2) 
121.4 (18) 
118(2) 
.. 
• 
• 
• 
• 
• 
110(4) 
• 
109(5) 
a Soc footnotes for Table 4.5. b In thio case an e.o.d, of 1.2° to 2,0° is reasonable for otoms constrained in rigid groupo 
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0 0 
the range 1.35(7) to 1.70(6) A and 1.42(5) to 1.66(5) A, 
respectively, inadequacies in the single atom description 
of the quaternary carbon atoms C(23) and C(43) could exist. 
Anomalously short separations between and high anisotropic 
thermal motion for other atoms of the pivalamide "pickets" 
could indicate further irresolvable disorder. Disorder in 
both the pivalamide methyl carbon atoms and the terminal 
oxygen atom creates a potential but improbable interatomic 
0 
separation of only 2.68 A between C(45A) and 0(2B) for a 
particular molecule. Bond lengths between the pivalamide 
methyl carbon atoms and the appropriate quaternary carbon 
atom, C(23) or C(43), are scattered about their mean value 
0 
(1.52 A) with an estimated standard deviation more than 
twice the e.s.d. of an individual bond. (Table 4.5). 
For the rest of the molecule, bond lengths between chemically 
equivalent atoms display a reassuring internal consistency; 
in most cases the e.s.d. for their scatter is less than the 
e.s.d. of an individual bond length (Table 4.5). Moreover, 
the averaged bond lengths for the porphinato core display 
similar trends to and are not significantly different from 
the averaged values reported by Hoard in Table 2 of his 
review191 The bond angles display similar internal 
consistency. The averaged values obtained here are compared 
with those of Hoard (compiled from very precisely determined 
metalloporphyrin structures) in Figure 4.17. 
Figure 4.17 
? 
'')' 0~ 
1.384(17) '/~ 
........................ : .................. Nf-----
1.354<10> 
206. 
Averaged values for bond distances and angles in the 
porphinato core of selected metalloporphyrins. 
Parameters above the dotted lines are for Fe(TpivPP)-
(1-Me-imid) (02 ); 
. . 191 
comp1lat1on . 
0 
Distances in A1 
those below are from Hoard's 
angles in degrees. 
The only non-hydrogen intermolecular contacts less 
0 
than 3.3 A are between pivalamide oxygen atoms 0(10) and 
207. 
0(30) and carbon atoms C(Ll) of the 1-methylimidazole axial 
ligand and C(S2B) of the solvate species respectively. 
0 
The respective separations are 2.90(3) and 3.24 A. The 
high apparent thermal motion of these atoms may indicate 
irresolvable disorder such that these rather close contacts 
are relieved. Table 4.7 lists all non-hydrogen intermole-
0 
cular contacts less than 3.75 A. A selection of intra-
molecular contacts is also tabulated. 
The Fe-0 2 Moiety 
The O(l)-0(2A) and O(l)-0(2B) separations of 1.17(4) · 
0 
and 1.15(4) A respectively, are unrealistically short bond 
lengths since 
The respective 
0 
molecular oxygen has a bond length of 1.21 A. 
/0 ( 2) 0 
Fe-0(1) bond angles are 129(2) and 
133(2) 0 . The 0-0 separations are considerably shorter than 
those reported for the preliminary structure determinatton 
0 11 (1.23(8) and 1.26(8) A ), but the differences are not 
statistically significant. The low values of the final 
model may be attributed to the moderate thermal motions of 
the two atoms and/or to disorder of the bonded oxygen atom 
involving displacement of it away from the two-fold axis. 
In some cobalt-nitrosyl complexes, displacement of the 
nitrosyl nitrogen atom away from the central normal to the 
. 206 227 porphinato plane 1s observed ' . This would not be 
unexpected for iron-dioxygen complexes since they are 
isoelectronic with cobalt-nitrosyl systems. An off-axis 
0 
displacement of only 0.1 A would increase the 0(1)-0(2) 
0 
separations to more realistic values of ~1.25 and 1.23 A 
Table 4.7 Non hydrogen inter-and intramolecular contacts for Q:e(TpivPP) (l-Me-imid)-
Atoms 
C (Ll) ••• 0 (10) 
- C (26A) ••• C (46B) 
C (18) ••• N (SlA) 
C (18) ••• C (S2A) 
C (18) ••• C (S2B) 
C (18) ••• C (S1B) 
C (18) ••• C (S2A)' 
C (18) ••• C (S3B) 
0(10) ••• c (32) 
C (38) ••• CN (L) 
0 (2A) ••• N (10) 
0 (2A) ••• N (30) 
0 (2A) ••• C (24B) 
0 (2A) ••• C (24A) 
0 (2A) ••• C (45A) 
0 (2A) ••• C (14) 
0 (2A) ••• C (31) 
0 (2A) ••• C (15) 
0 (2A) ••• N (ll) 
N(ll) ••• N(ll) 
C (25B) ••• C ( 46B) 
(o2J]·~(c6H6J·~(c4N2H6). 
0 
IntermoleCular Contacts (<3.75 A) (a) 
not Involving Hydrogen Atoms 
Distance Atoms Distance 
2.90(3) 0(10) ••• C(33) 3.53(2) 
3.37(7) 0 (30) ••• c (12) 3.43 (2) 
3.54 0(30) ••• C(l3) 3.48(2) 
3.59 C (38) ••• CN (L) 3.55 
3.63 C (38) ••• C (L2) 3.73 
3.66 C (39) ••• CN (L) 3.56 
3.75 C (39) ••• C (44A) 3.57 
3.75 C(l9) ••• C(SlB) 3.42 
3.50(2) C(l9) ••• N(SlA) ' 3.47 
3.73 C (39) ••• CN (L) 3.46 
(b) . Selected ~amolecular Contactsa 
2.91(5) C(L2) ••• N(lO) 2.99(2) 
2.94(4) C (L2) ••• C (11) 3.34(2) 
3.05(12)' C (24A) ••• C (45A) 3.47(8) 
3.14(12) C (24A) ••• C (45B) 3.75(9) 
3.47(10) C (25A) ••• C (44B) 4.05(8) 
3.30(5) C (25A) ••• C (44A) 4.29(8)" 
3.34(5) 0 (2B) ••• N (10) 2.99(4) 
3.46(4) 0(2B) ••• N(30) 2.95 (4) 
4.05(5) 0 (2B) ••• C (45A) 2.68(8) 
9.9 0 (2B) ••• C ( 44B) 3.07(9) 
4.13(10) 
Atoms Distance 
C(l9) ••• C(SlA) 3.54 
C(l9) ••• C(S2B) 3.55 
C(l9) ••• C(S2A) 3. 71 
C (S2B) ••• 0 (30) 3.24 
C (S3B) ••• C (24B) 3.75 
C (SlA)~··· CJLl) 3.67 
C (S2A) ••• 0 (30) 3.64 
CN (SA) ••• C (24B)' 3.60 
CN (SA) ••• C (24A) 3.75 
C (39) ••• C (Ll) 3.64 
0 (2B) ••• C (24A) 3.48(11) 
0 (2B) .•• C (11) 3.49(4) 
0 (2B) ••• N (31) 4.24(4) 
N (31) ••• N (31) ' 10.1 
C(L2) ••• N(30) 3.43 (2) 
C (24B) ••• C (44B) 3.48 (8) 
C(24B) ••• C(45B) 4.02 (11) 
C (26B) ••• C (45A) 4.18(9) 
C(24B) ••• C(44A) 4.15(12) 
C (26B) ••• C (45B) 4.07 (8) 
C (26B) ••• C (46A) 4.14(9) 
.. 
All contacts less than 3.5 A with o2 , all contacts less than 4.2 A between atoms from ~!fferent "pickets", 
and other selected intramolecular atomis separations are listed. 
N 
0 
00 
/0(2) 
and close the Fe-0(1) 0 0 angles to 'V126 and 'V130, 
respectively. 
0 
(<0.003 A). 
The increase in Fe-0(1) is negligible 
Anisotropic models for the thermal motion of 
209. 
dioxygen were tested and found inappropriate. Refinements 
of such models resulted in high correlation among the 
variable parameters describing dioxygen coupled with a 
marked decrease in precision of the positional parameters. 
An anisotropic model for the thermal motion of only the 
bonded oxygen atom did not lead to a more realistic descript-
ion for dioxygen than the fully isotropic model. It is 
noted, however, that in all refinements involving an aniso-
tropic model for the thermal motion of the bonded oxygen 
atom there was a marginally significant shortening of the 
RMS component of thermal displacement along the principal 
axis that is parallel to the Fe-0(1) vector. The values 
0 
observed were typically 0.26(2), 0.31(2) and 0.34(2) A. 
This is not inconsistent with an off-axis displacement of 
atom 0(1). 
Therefore, it is considered that the 0(1)-0(2) 
0 
separations may be underestimated by as much as 0.15 A. 
While end-on bent bond geometry for the coordinated dioxygen 
molecule is unequivocally established, precise and accurate 
stereochemistry is unobtainabl~ for this complex. Unfortun-
ately, therefore, stereochemical comparison, with cobalt-
dioxygen complexes is not possible. Accurate definition 
of the dioxygen bond and of the canting of the Fe-0(1) vector 
to the porphinato normal must await the analysis of an iron-
'"'\~,c~ . 
dioxygen complex where disorder, such as that~plagued this 
.210. 
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Figure 4.18 . Deviations of atoms from the mean,24-atom
1
porphinato plane. 
The orientation of the 1-Me-imid axial ligand is indicated. 
Note that the ruffling is not conducive to reduced ligand-
porphinato contacts. The "pickets" are directed downwards 
0 3 
into the page. Distances in A x 10 . 
211. 
structure analysis, is absent. 
Conformational Aspects. The Tetraphenylporphinato Component 
A selection of least-squares planes, the atoms compris-
ing the planesand deviationsof atoms therefrom is contained 
in Table 4.8. Table 4.9 lists dihedial angles between the 
normals of selected planes. 
The porphinato skeleton, comprising four pyrrole 
groups and four linking methine carbon ato~ is ruffled in 
quasi-D 2d fashion. Deviations of atoms from the mean plane 
calculated for the 24-atom porphinato core are depicted in 
Figure 4.18. This plane and the planes formed by the 
porphinato nitrogen atoms are constrained by the crystallo~ 
graphic two-fold axis to lie parallel to the xz crystal 
0 
plane. The iron atom is displaced 0.015(3) A from the 
0 
former plane and 0.030 A from the latter plane towards the 
dioxygen ligand. The dihedral angle between Pyrrole-19 
and the porphinato plane is 4.8°; between Pyrrole-30 and 
the porphinato plane, 3.0°. Departures of the porphinato 
core from idealised s4 symmetry are also evidenced in the 
different dihedral angles between the least-squares planes 
. 0 
rif Pyrrole-10 and Pyrrole-30 (4.6 ) and between Pyrrole-10 
/ 0 . 
and the symmetry generated Pyrrole-30 (6.5 ). 
In common with other metalloporphyrins the individual 
pyrrole rings show insignificant departures from planarity191 
the maximum departure of a pyrrole atom from its plane is 
0 
0.019(14) A for Pyrrole-10 and 0.005(15) for Pyrrole-30. 
The planes of the phenyl rings are not perpendicular 
to the porphinato plane; the dihedral angles between the 
Name of Plane 
Pyrrole-10 
Pyrrole-30 
Phenyl-16 
Phenyl-36 
Piv-11 
Piv-31 
a 
Table 4.8 Selected least-squares planes (unweighted) for Fe(TpivPP) (1-He-imid) (02). 
Atoms in plane o 3 Displacements of atom from p}ane (A x 10 ) 
N (10) c (11) c (12) c (13) 
013 (11) -002 (14) 
-010(15) 018 (16) 
N (30) c (31) c (32) c (33) 
002 (10) -004(14) 005(15) -004(15) 
c (16) c (17) c (18) c (19) 
oc 0 0 0 
C(36) c (37) c (38) c (39) 
oc 0 0 0 
c (21) N (11) c (22) 0(10) 
019 (13) -027 (13) 002 (19) -005(17) 
c (41) N (31) c (42) 0(30) 
014 (13) -031 (14) 030 (24) -014(20) 
c (14) 
-019 (14) 
c (34) 
001 (13) 
C(20) c (21) 
0 0 
c (40) c (41) 
0 0 
c (23) 
012(24) 
c (43) 
000 (22) 
Equation of Planeb 
Ax + By + Cz - D = 0 
L1 (Coeff x 10 -) 
A B c 
' 
-0657 9965 -0519 
0450 -9987 -0254 
3373 2094 -9178 
-9180 -1183 -3785 
1411 -0015 -9900 
-9522 -1020 -2879 
D 
23550 
-28318 
-37575 
-21130 
-61195 
-10888 
Displacements of atoms are from a fixed plane and hence the accompanying estimated standard deviations (e.s.d.) are 
derived only from the e.s.d.'s in positional coordinates of the atoms~ 
b 0 The coefficients are relative to an orthogonalised:Angstrom coordinate _system, and were calculated using program 
MEANPLANE (local version of the NRC program of the same name (M. E. Pippy, P.. R. Ahmed)). 
c Constrained to be planar. 
N 
!--> 
N 
Table 4.9 
xz 
Pyrrole-10 
Pyrrole-30 
Pyrrole-10' 
Pyrrole-30' 
Selected dihedral angles (in °) between least-squares planes for Fe(TpivPP) (1-Me-imid) (02 ). 
-
0 0 0 0 -
,...; (""') ,...; (""') \D \D \D \D 
I I I I ,...; (""') ,...; (""') 
(]) (]) (]) (]) I I I I 
,...; ,...; ,...; ,...; ,...; ,...; ,...; ,...; ,...; ,...; 
0 0 0 0 :>., :>., :>., :>., ,...; (""') 
~ ~ ~ ~ s:: s:: s:: s:: I I 
~ ~ ~ ~ (]) (]) (]) (]) :> :> 
t'l :>., :>., :>., :>., .£: .£: .£: .£: ·r-1 ·r-1 
X P-i P-i P-i P-i P-i P-i P-i P-i P-i P-i 
0 175.2 3.0 4.8 177.0 xz 102.1 83.2 77.9 96.8 89.9 84.1 
0 175.4 170.4 6.5 Phenyl-16 0 89.3 24.2 86.4 17.1 
0 6.5 174.1 Phenyl-36 0 86.4 13.6 - 5.6 
0 175.4 Phenyl-16' 0 89.3 
0 Phenyl-36' 0 
N 
f-' 
V-1 
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porphinato plane and, respectively, the Phenyl-16 and 
Phenyl-36 groups are 77.9° and 83.2°. The pivalamide atoms 
N(ll), C(22), 0(10), C(23) and C(21) are displaced at most 
0 
0.027(13) A from their least-squares plane and this plane 
is tilted from cop1anarity with Phenyl-16 by 17.1°. 
Similarly for the other "picket" (Piv-31) the maximum 
0 
displacement is 0.030(24) A but the dihedral angle is only 
0 5. 6 . It would be expected that the conjugated system I 
would be approximately planar. 
ri .. )"--- I u~~ 
H 
The departure of the Piv-11 group from coplanarity with 
Phenyl-16 may be safely attributed to crystal packing effects. 
Conformational Aspects. The Axial Ligands and Solvate Species 
It is convenient to define an orientation angle ~ : 
this being the dihedral angle between the plane defined by 
atoms 0(1), Fe,N(lO) and the pl~ne of an axial ligand. 
Both planes are constrained by the two-fold axis to be 
perpendicular to the porphinato plane. 
/0(2) 
To a good approximation the Fe-0(1) planes 
bisect theN h--Fe-N h right angles with~ being 42.9° porp porp 
0 
and -47.5 . With this orientation 0(2) ... Nporph contacts 
0 0 
are minimised and are between 2.91 A and 2.99 A. However, 
these contacts are still somewhat closer than the sum of 
0 
the van der Waals radii for oxygen (1.4 A) and aromatic 
0 
nitrogen (1.7 A). In the eclipsed conformations, ~ = 0,90° 
215. 
0 
the contacts would be even closer at ~2.7 A although, 
in partial mitigation, there would only be the one close 
contact per terminal oxygen atom. In all dioxygen complexes 
that have been structurally characterised, except for 
Co(salen-C 2H4-py) (0 2), the dioxygen ligand adopts the 
bisecting conformation, ~~±45°. 
(0 2) disorder of the dioxygen ligand about its mean eclipsed 
conformation is inferred (Chapter 3.2.4). But the dioxygen 
is almost certainly not disordered between two adjacent 
bisecting conformations; disorder of that magnitude would 
have been detected in Fourier syntheses. 
From steric considerations alone, for an isolated 
molecule, a bisecting orientation for the plane of the 
axial ligand is also expected. Exact perpendicularity of 
/0 
t~e axial base and M-0 planes has been observed for 
126 231 . Co(bzacen) (py)(o 2) and Co(acacen) (py) (0 2) , but 1n the 
saltmen series of compounds 123 - 125 the dihedral angles range 
0 0 between 12.6 and 19.2 . For Fe(TpivPP) (l-Me-imid)(0 2) 
the axial base is oriented such that ~ = 20°; thus the 
/0 
dihedral angles between this plane and the Fe-0 planes are 
The resolution of the data is insufficient 
for any statistically significant difference to be observed 
between bond parameters involving the two chemically different 
terminal oxygen atom positions. However, these alternative 
positions foi the terminal oxygen atom may account for the 
unusual temperature dependence of the nuclear quadrupole 
splitting observed in the Mossbauer spectra for both this 
12 281 . 279 
model compound ' and oxyhaemoglob1n . Detailed 
216. 
simulations of Mossbauer spectra at various temperatures 
for Fe(TpivPP) (1-Me-imid) (0 2) indicate a room temperature 
population ratio of ~o.6 for occupancy of the two chemically 
different terminal oxygen atom sites 281 ; the X-ray data, 
although indicating a ratio of ~1 as a result of least-
squares refinement, are inadequate to exclude the ratio of 
0.6. Furthermore a single crystal ESR study of cobalt-
substituted myoglobin has indicated the existence of two 
(slightly) different cobalt-dioxygen s~ecies 215 . 
The solvate plane is at right angles to the imidazole-
base plane. This relative orientation relieves any unduly 
close contacts with the axial base that may otherwise occur 
if a non-orthogonal disposition were adopted. The half-
carbon atom C(Ll) of the axial base has a fair~y close 
0 
contact with a pivalamide oxygen atom 0(10) 2.90(3) A away. 
The solvate species also has a humber of other contacts at 
about van de Waals radii. Crystal packing effects, therefore, 
largely determine the orientation of the 1-methylimidazole 
axial ligand. Such effects are responsible for the non-
bisecting geometry adopted by axial bases in a large number 
of other metalloporphyrin structures 191 and also in the salt-
123-125 
men series of dioxygen complexes 
Bond Lengths in the FeL 6 Core 
The average Fe-N h separation for Fe(TpivPP) (1-Me-
0 porp 
imid) (0 2) (1. 98 (1) A) is not significantly different from 
those obtained for the diamagnetic compounds Fe(TPP)(pip) 2 
0 283 ( ) ( . "d) 237 ' h (2.004(3) A) and Fe TPP l-Me-1m1 2 ; nor from tat 
217. 
0 
for the intermediate spin (S=1) compound Fe(TPP) (1.972(4) A) 
284 
One of the more notable features of the stereo-
chemistry of Fe(TpivPP)(1-Me-imid) (0 2) is an apparent trans 
0 
effect for the axial ligands; r(Fe-0(1)) is 1.75(2) A and 
r (Fe-N ( L 3 )) is 2. 0 7 ( 2) . 
Evidence that r(Fe-0(1)) may be shorter than "expected" 
by comparison with related species, 1s detailed below:-
1. The Fe-0(1) separation is very ~imilar to that 
0 
·observed for the 1-1-oxo species,O[Fe(Proto-IX-DME)] 2 (1.73 A) 
0 285 
and O[Fe(TPP)] 2 (1.763(1) A).
252 but significantly 
shorter than that observed for Fe(Meso-IX-DME)(OMe) 
0 
(1.842(4) A) 243 . In these complexes an anionic ligand is 
coordinated to the iron(III) centre. For the methoxy 
complex the MeO-Feiii bond can only -involve o donation of 
a lone pair of electrons to the iron. Hoard 286 had predicted 
0 
a value of 1.86 A for a simple o-type coordination of dioxygen. 
2. The Fe-0 separation may be contrasted to the consider-
ably longer separation observed in dioxygen adducts of cobalt-
o 
(II) Schiff base complexes; r(Co-0) is typically within 0.01 A 
0 
of 1.88 A (Table 2.2). Furthermore, r(Co-0) is remarkably 
' 
0 240 
similar to that observed for Co(salen) (OMe) (py) (1.891 A) 
It was concluded,in Chapter 3, that the Co-O link was 
largely a o bond and that a Coii!_Oz representation was 
valid,at least for the cobalt-dioxygen complexes structurally 
characterised. 
3. Hoard has found, for the approximately isostructural 
carbonyl tlilin of Fe (Tpi vPP) (1-Me- imid) (0 2) , a contraction 
218. 
0 
of the Fe-C separation by ~0.13-0.18 A compared to other 
carbonyl structures. 
Thus an Fe-0 bond featuring a significant n component 
(in contrast to the cobalt-dioxygen system) is inferred. 
This is in general accord with other lines of evidence 
presented in §4.1. 
0 
However, Hoard's value for r(Fe-C) of 1.59-1.63 A 
in Fe(TpivPP) (1-Me-imid) (CO) is rather shorter than that 
287 0 
observed by Peng and Ibers for Fe(TPP)(py) (CO) (1.77(2) A) 
0 
and by Goedken et al for Fe(N4) (py) (CO) (1.751(5) A); N4 1s 
204 a quadridentate conjugated macrocycle Despite the 
difference in axial ligand, the difference between r(Fe-C) 
for these structures is surprising and rather alarming since 
if Hoard's value is an artefact then the possibility that 
the short Fe-0 separation for Fe(TpivPP) (1-Me-imid) (0 2) is 
also an artefact must be noted. However, the internal 
consistency of the structure, discussed previously, which 
appears to be greater than that for Fe(TpivPP)(1-Me-imid)(CO) 
191 diminishes this possibility. 
On the other side of the porphyrin there is an 
apparent lengthening of the Fe-N(L3) bond by comparison with 
related species. The following evidence is presented:-
1. For theQ~trosymmetric m6lecule Fe(TPP)(1-Me-imid) 2 
0 
r(Fe-N .. d) is 2.016(5) A and the orientation of 1-methyl-lml 
imidazole ligands c~ ~ 20°) is similar to that found for 
Fe(TpivPP) (1-Me-imid)(0 2). There is, therefore, an apparent 0 
lengthening of ~0.05 A in the Fe-Nimid separation accompany-
ing the substitution of one imidazole ligand by dioxygen. 
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2. For the carbonyl adduct Fe(TpivPP) (1-Me-imid)(CO) 
0 191 
r(Fe-N .. d) is in the range 2.04-2.08 A . For Fe(TPP)-lml 0 
(py) (CO), r(Fe-N -) lS 2.10(1) A 287 . A more marked trans 
PY 
effect is observed for the structure of Fe(TPP) (1-Me-imid)-
0 ° 288 (NO) where Fe-NNO is 1.743(4) A and Fe-N. 'dis 2.180(4) A lml 
In this last complex the authors argued, without having 
recourse to the structure of Fe(TPP) (l-Me-imid) 2 , that the 
0 
Fe-Nimid bond had been lengthened by ~0.2 A. 
3. In the corresponding cobalt-dioxygen derivatives of 
"saltmen" Schiff-base ligand system, r(Co-N .. d) is in the lml 
range 1.974(8) l to 2.011(2) ~ 123 -1 25 
This lengthening of the axial connection with respect 
to symmetric,diamagnetic,iron species and to cobalt-dioxygen 
species coupled with similarly lengthened bonds for other 
coordinated diatomics tends to support the contentions that 
the value for r(Fe-0) is accurate and that it is considerably 
shortened by comparison with cobalt-dioxygen systems. 
Displacement of the iron atom from the plane of the 
porphinato nitrogen atoms towards the coordinated diatomic 
ligand is usually obs~rved. For Fe(TpivPP)(l-Me-imid) (0 2) 
0 
the displacement is 0.030(3) A, 
0 
0.08 A 289 , for Fe(TPP) (py) (CO) 
for the carbonyl analogue 
0 
0.02 A 287 , but F (N) ( ) e 4 py -
0 
(CO) -0.05 A 204 For a fixed Fe-0 or Fe-e separation 
displacement of the iron centre towards the coordinated 
diatomic molecule relieves 0 ... Nporph and . ..-:~ · · · Nporph 
contacts. For Fe(TpivPP)(l-Me-imid)(0 2) such contacts are 
0 
~2.66 A; values shorter than the sum of the van der Waals radii 
0 
(in this case 3.1 A) are generally indicative of strong 
axial ligation. 
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Possible Factors Influencing Geometry of Dioxygen Coordination 
The feasibility of side-on coordination of dioxygen 
has been discussed and the formally seven-coordinate product 
has been rejected as sterically unlikely if the iron atom is 
to remain approximately centred in the plane of the porphinato 
nitrogen atoms 206 Moreover, seven-coordinate iron(II) 
complexes are unknown. Certainly the dimensionsof the 
protective pocket provided by the pivalamide "pickets" place 
no restrictions an triangular coordination; the trans 
"picket" distances N (11) · · · N (11) , I 0 and N(31)-N(31) are ~10 A, 
0 
the pocket is ~5.4 A deep and, moreover., the crystal struct-
ures of other "picket fence" porphinato complexes indicate 
remarkable flexibility in the pivalamidephenyl components. 
That is, the basic geometry of the iron-dioxygen moiety is 
wholly determined by the (1-methylimidazole)-porphinato-iron(II) 
core. The 0(2)· ··N(11), 0(2) ·· ·N(31) separations (4.05 to 
0 
4.20 A) are almost certainly too great for there to be ~ny 
significant interaction between these atoms. However, the 
possibility of some interaction between pivalamide methyl 
hydrogen and terminal oxygen atoms cannot be excluded. 
0 0 
Separations of 3.05 A for 0(2A) · ··C(24B), 3.14 A for 0(2A) ··· 
0 
C(24A) and 3.07 A for 0(2B) ···C(44B) occur. (see Table 4.7). 
The recent observations of side-on coordination of 
dioxygen to metalloporphyrins necessitates a closer examin-
ation of the possibility that such coordination could occur 
for iron(II) porphinato derivatives. Assuming an 0-0 
0 0 
separation of ~1.40 A, aCt·· ·N r h radius of ~2.0 A, a 
o po p 
distance of ~1.8 A from the centre of the 0-0 bond to the 
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iron atom and an orientation angle ~ = 45° an 0· · ·N 
0 ' porph 
separation of ~2.4 A is calculated. Displacement of the 
0 
iron atom by 0.3 A from the plane of the porphinato nitrogen 
0 
atoms leads to anN 1 . · .o separation of ~2.64 A - quite porp 1 
similar to that observed for· the angularly coordinated 
dioxygen ligand of Fe(TpivPP) (l~Me-imid) (0 2). However, 
coordination of an axial nitrogen base would then be unlikely 
since it would result in unacceptably tight ligand-porphyrin 
contacts if a viable Fe-Nax bond were to be maintained; that 
is, excessive stretching of the Fe-N bond could deter ax 
side-on coordination of dioxygen. 
Moreover, in contrast to cobalt(II) porphyrin systems 
121 
, iron(II) porphyrins appear to require an axial base for 
coordination of dioxygen. In the absence of an axial 
base iron(II) porphyrins irreversibly oxidise very rapidly. 
Furthermore, there is evidence to suggest that Mn(TPP) (py) 
forms a dioxygen adduct Mn(TPP) (0 2) where dioxygen is 
coordinated in the side-on mode 98 . 
In the structure of Ti(OEP) (0 2), tight dioxygen-
porphyrin contacts are avoided by the metal atom being 
0 
dragged 0.62 A out of the plana· of the porphinato nitrogen 
atoms 89 . But,in the formally eight-coordinate complex, 
Mo(p-CH 3TPP) (0 2) 2,dioxygen has adopted the sterically 
f bl 1 . · f. . 8 7 d h 0 N un avoura e ec 1ps1ng con-lguratlon an t e ·· · h porp 
separations are calculated to be an extraordinarily close 
0 
2.46 A separation. Thus the possibility of side-on 
coordination of dioxygen to an iron(II)~porphyrin derivative 
can not be categorically dismissed on steric grounds. 
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In the presence of a more polarisable ligand, such 
as sulphu~where a longer iron-ligand separation may be 
observed and where considerable stretching of that bond is 
not required to reduce ligand-porphinato interactions, side-
on coordination may occur. Since side-on coordination of 
dioxygen appears to be generally associated with a more 
covalent a + n linkage than is the end-on coordination 
observed in cobalt~dioxygen adducts of quadridentate dia-
nionic ligands>and since the iron-dioxygen linkage appears 
to be less polarised than the cobalt-dioxygen one, again 
the possibility of side~on coordination for an iron-dioxygen 
complex cannot be dismissed. Moreover it may be noted that 
a Co(porphyrin)(phosphine) derivative binds dioxygen (as 
evidenced by ESR spectroscopy) in a similar manner to the 
3-amine~based analogues, and that Co(CN) 5 binds dioxygen in 
II 
an angular fashion but that the dioxygen adduct of Co (CN) 2-
(PPhMe2)3 has sideways-bound dioxygen (Figure 2.8). The 
3- .o 
complex Co(CN) 5o2 · has a considerably more obtuse Co-0
1 
0 . 
angle (153(2) ) than other end-on bonded dioxygen adducts. 
This has been attributed to intramolecular packing effects 
7 8 r 
, but the electronic demands of - (CN) 5 ligature are 
considerably different from Schiff-base ligature. 
Thus the stereochemistry of the dioxygen adduct of 
the sulphur.:.based iron "picket fence" porphyrin Fe(TpivPP)-
(THT) (0 2), to be described in the next section, is of interest. 
4.2.6 Assessment of 'Fe(TpivPP) (1-~e-imid) (0;;) as a 
Model for Oxymyoglobin. 
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In this subsection a number of features of Hb0 2 and 
Mbo 2, and their model compound Fe(TpivPP) (1-Me-imid) (0 2) 
are compared. 
Similarities and Differences of the Porphyrin Component 
Both the iron-dioxygen complex described in this 
section and the iron-dioxygen complex of the haemoglobins 
are porphyrin derivatives. It might be argued, though, 
that this symmetrical synthetic porphyr.in H2 TpivPP is not 
a good model for the asymmetrical protoporphyrin{X of 
biological systems. Whereas the "picket fence" porphyrin 
has four identical substituents at the methine carbon atoms, 
protoporphyrin-IX has an asymmetric.al arrangement of propionic) 
methyl and vinyl substituents at the pyrrole carbon atoms 
(Figure 4.3). 
. . 
Derivatives of the "picket fence" porphyrin 
have uv~visible spectral properties which are different to 
those for protoporphyrin-:tx12 , 152 Moreover, spectra of 
,protoporphinato-IX-iron' derivatives, in the absence of the 
protein, are susceptible to effects of temperature)solvent 
. d . 1 b . . d. .bl 264 an ax1a ase 1n a somet1mes unpre 1cta e way . 
Protoporphyrin-IX is not unique to oxygen-binding haemo-
proteins; chlorocruorohaem,which has a different uv-visible 
spectrum to protohaem, protoporphinato-IX-iron(II) 1 also 
supports reversible binding of dioxygen1 . Although different 
substituents on the porphyrin perturb the metal centre and 
affect its spectral properties and, probably, oxygen-binding 
properties, it is felt that the end-on bent bond geometry 
of the iron-dioxygen linkage observed for the synthetic 
model will occur for the related biological systems. 
X-Ray Crystal Structure of Mb0 2 
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From a differen::E2 Fourier synthesis, Watson and Nobbs 
tentatively inferred an angularly bound dioxygen ligand 290 . 
It is possible that the distal histidine may slightly 
influence geometry of dioxygen coordination, but certainly 
not to the extent that it affects the coordination of carbon 
monoxide. In simple porphyrin complexes, such as Fe(TpivPP)-
(py) (C0) 191 and Fe(TPP)(py) (C0) 287 , .the Fe-C-0 group is 
essentially linear and perpendicular to the porphinato plane. 
In all carbonylhaemoglobins structurally chara~terised the 
Fe~C-0 group is tilted away from the haem normal giving the 
appearance of a bent Fe-C-0 bond151 , 291 , 292 , although it 
is probably still approximately linear. Severe steric 
hindrance to carbonyl but not to dioxygen binding has fascin-
. d . h . 1 . 1. 17 at1ng an 1mportant p ys1o og1ca consequences 
Thermodynamic Features 
Fe(TpivPP)(1-Me-imid) undergoes reversible oxygenation 
. 1 . 12 d . h l'd t t 135 Th d . 1.n so ut1on an 1n t e so 1 s a e , erma ynam1c 
data obtained for Fe(TpivPP) (1-Me-imid) in the solid state 
parallel very closely the data obtained for a number of 
haemoglobins such as o.x myoglobin not only with regard to 
the equilibrium constant but also with regard to changes in 
enthalpy and entropy. The pressure for half-oxygenation 
at 20° p~ 00 is 0.31T for Fe(TpivPP) (1-Me-imid) and O.SST for 
' ~ ' . 
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ox myoglobin. This agreement may be somewhat fortuitous 
since Fe(TpivPP) (1-Me-imid) is an equally valid model for 
leghaemoglobin which has an extraordinary high oxygen 
0 
affinity (P;o =0.05T) 293 . However, Co(TpivPP) (1-Me-imid) 
;z 
has an affinity for dioxygen similar to ox myoglobin (46T 
and 54T, respectively) as well as similar enthalpy and 
136 
entropy changes . The great reluctance of dioxygen to 
bind to unhindered porphinatocobalt(II) derivatives in 
solution at 20°C must be attributed to .solvent effects, 
since in solution P;oo for Co(TpivPP) (1-Me-imid) is 100T 136 . 
;z 
Infrared v(0-0) Spectroscopy 
The 0-0 stretching mode for F~(TpivPP) (1-Me-imid)-
(02)17 is some 50 cm- 1 higher in energy than v(0-0) for 
. 163 164 
oxyhaemoglobin and oxymyoglob1n ' A similar differ-
ence is observed for the corresponding carbonyl derivatives. 
Presumably, a tighter binding pocket for the native system 
than for its models is responsible for this difference. 
Mossbauer Spectroscopy 
There is a remarkable similarity in the Mossbauer 
spectrum of oxyhaemoglobin and Fe(TpivPP) (1-Me-imid) (0 2), 
including the temperature dependence of the nuclear quadrupole 
splitting, ~Eq. Furthermore a Mossbauer emission study on 
57 . Co(Proto-IX-DME) (py)(0 2) showed that isolated haem (i.e. 
57 Fe(Proto-IX-DME) (py) (0 2)) binds dioxygen in the same 
1 . 11 h 1 b" 299 manner, e ectron1ca y, as aemog o ln . 
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Extended X-Ray Absorption Fine Structure Spectroscopy 
Very recently the technique of extended X-ray 
4-7 absorption fine structure (EXAFS) spectroscopy has been 
applied to both Fe(TpivPP) (1-Me-imid)(0 2) and oxy- and 
. 294 295 deoxyhaemoglob1n ' . Iron-ligand separations may be 
determined by analysis of the fine structure observed in 
the X-ray absorption spectrum at photon energies just above, 
in this case, the K absorption edge for iron. Preliminary 
results did not apply a correction for the axial ligand(s) 
of oxy- and deoxyhaemoglobin 294 Nevertheless, iron-
0 0 
nitrogen separations of 1.99(2) A for Hb0 2 , and 1.98(2) A 
for HbCO b . d294 were o ta1ne . However, a similar value 
appeared to exist for deoxyHb 295 . Shulman and coworkers 
have now corrected for the effects of the axial ligands 
using values from the structure of Fe(TpivPP)(l-Me-imid)-
(02), and have obtained for Hb0 2 and its model a concordant 
0 
value of 1.99(2) A for the Fe-Nporph separation 295 This 
is insignificantly different from the average crystalltigraph-
o 
ically determined value of 1.98 A for Fe(TpivPP) (1-Me-imid)-
(0 2). Using the five-coordinate p-amido-0 derivative of 
Fe 11 (~pivPP) (described in §4.4) as a model for deoxy-Hb, 
0 
they again obtained remarkably similar values (2.06(2) A) 
for the Fe-N h separation for deoxy-Hb and its mode1 295 . porp 
This latter result will be discussed further in §4.4. 
Notwithstanding the fact that the haemoglobin values are 
somewhat dependent on the iron to axial ligand separations 
observed in model compounds, the agreement in r(Fe-Nporph) 
for the model compound and haemoglobin is encouraging 
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since it is not possible, at present, to obtain, from the 
X-ray diffraction data for Hb and its derivatives, Fe-N h porp 
separations with precision comparable to that achieved by 
EXAFS techniques. 
Conclusion 
In conclusion, although differences do exist between 
the various spectral features of oxyhaemoglobin and oxymyo-
globin and the model compound Fe(TpivPP) (1-Me-imid) (0 2), 
they can reasonably be assigned to the sensitivity of the 
metal centre to small changes in the periphe~al substituents 
of the porphyrin skeleton,and to the environment around 
the binding site provided by the protein or the "picket 
fence". 
An end-on bent bond geometry for the iron-dioxygen 
group in oxyhaemoglobin, first predicted by Pauling, has 
been established through the structure analysis of the model 
iron-dioxygen complex Fe(TpivPP) (1-Me-imid) (0 2). 
4.3 The Crystal and Molecular Structure of the Dioxygen 
Adduct of (tetrahydrothiophene) ~eso-tetra (a,a,a,a-
orthopivalamide phenyl)~orphinatoiron(II), [Fe(TpivPP)-
(THT) ( 0 2) }(THT) 2 
The title compound, described in subsections §4.3.2 
to §4.3.4, is a possible model for the oxygenated protohaem 
species. This is one of the states adopted by the cyto-
chrome P450 mono-oxygenases which mediate the catalytic 
hydroxylation of substrates such as camphor. The various 
intermediate states of the enzyme, and models for them, 
will be described in §4.3.1. The best characterised 
cytochrome P450 is the camphor hydroxylase, P450 ; the 
cam 
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prosthetic group is a protoporphinato-IX-iron or protohaem 
. 304 
spec1es 
A number of reviews on the protein system are available 
2,305-307 
4.3.1 Cytochrome P450 Systems 
These oxygen-binding haemoproteins catalyse the 
reaction 
where D
0
H2 represents an electron transport chain capable of 
providing two reducing equivalents. The generic name P450, 
for these cytochromes, derives from the distinctive uv-visible 
spectra of their ferrous carbonyl derivatives. Normal ferrous 
carbonyl haems, such as HbCOJhave a Soret peak at ~420 nm. 
While enzymatically inactive forms of P450 have a Soret peak 
at ~420 nm, the active forms have the peak at ~450 nm- hence 
the ,origin of their name. Axial ligation quite different to 
that for other oxygen-binding haemoproteins has long been 
. 308 postulated . 
The bacterial camphor hydroxylase, cytochrome P450 , cam 
which has been extensively studied by Gunsalus and coworkers, 
is water soluble in contrast to the other cytochromes P450 
which are membrane-bound. Four stable intermediates in the 
catalytic hydroxylation of camphor 
P450 
cam 
. 2 307 have been characterised ' . 
HO).---)l----
The cycle proposed by 
Gunsalus and the characterisation of the intermediat~sis 
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shown in Figure 4.19~). This cycle is not identical to the 
one proposed by Coon and coworkers for a membrane-bound 
cytochrome P450 309 The following paragraphs refer to 
camphor hydroxylase and its models. 
Model studies have been largely directed towards 
elucidating the axial coordination. In stages A, B and p 
the axial ligation is now established through model studies, 
and in D understood theoretically. Stages C and E are not 
yet well-understood or characterised. There are few 
published reviews on cytochrome P450 and its model systems; 
there is, however, an excellent unpublished one by Collman310 . 
Figure ~.~·w illustrates inferences on the stereochemistry 
and axial ligation of the iron centre which have been drawn 
from model studies. 
Low-spin Ferric Stage A: 6x-P450 
----~~------------~~------------~am 
Low-spin (S=~) porphinatoiron(III) complexes are 
. . bl . d. 191 1nvar1a y s1x-coor 1nate . The distinctive ESR parameters 
of the substrate-free protein have been closely modelled by 
six-coordinate iron(III) porphyrin derivatives possessing 
an axial thiolate ligand, R-S-· 311 , 312 The ESR parameters 
A Fe1JI 
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of the model compound were rather insensitive to the nature 
of the other axial ligand and moreover aryl thiolates (Ar-S ) 
modelled the protein system rather better than alkyl thio-
lates. Nevertheless, coordination of a thiolate ligand, 
derived from the amino acid cysteine 
HS-CH 2-CH(NH 2)co 2H 
is inferred for the p-.r.otem. The S -methyl amino acid) methio-
nine, is precluded. 
A possible model complex,Fe 111 (TPP)(SC 6H5)(HSC 6H5), 
for this stage has been structurally characterised. This 
complex undergoes a temperature dependent spin equilibrium. 
At low temperature G196°) it is low-spin and six-coordinate 
with ESR parameters similar to P450 stage A. At room 
temperature it becomes a high-spin five-coordinate model for 
the next stage. That this occurs without destruction of 
the t 1 1 tt . . most 1312,313 crys a a 1ce 1s unusua . 
High-spin Ferric Stage B: Ox-P450 ... Sub 
am---
Binding of a substrate (Sub) to the protein generates 
a high-spin ferric complex. Such complexes are either five-
coordinate or six-coordinate but with a weak sixth ligand 
152,191 Thus the substrate is bound very weakly• if at all, 
to the iron(III) centre. ESR, electronic, Mossbauer and 
MCD spectral studies of model Fe 111 (proto-IX-DME) (SAr) 
systems and 0~-P450 .. Stib' display remarkable ~imilarity cam 
311
,
312
,
314 The crystal structure of Fe 111 (Rroto-IX-DME)-
(Sc6H4-p-N02) has been precisely determined311 (a). Alkyl 
thiolate models have also been synthesised315 . 
232. 
One-electron reduction leads to the next intermediate 
species red-P450 .. Sub. 
cam 
High-spin Ferrous Stage C : red-P450 a~···Sub; 
To date no models exist for this stage. Axial 
ligation is uncertain, but it has been suggested (L. K. 
Hanson quoted in reference [310]) that the electronic spectrum 
of this intermediate is inconsistent with axial thiolate 
coordination. The red-P450 ... Sub. has distinctive cam 
. M b 316 h' h h ld f 1 h oss auer parameters w 1c s ou prove use u w en 
potential model compounds are assessed. 
Reduced Ferrous Carbonyl StageD : red-P450 (-CO) G •• Sub). 
-------------------------L----~~---------------cam · 
Carbon monoxide is coordinated to red- P4 50 ; .. 'Sub .to 
cam 
give a diamagnetic carbonyl adduct with a distinctive Soret 
band (~450 nm compared with ~420 nm for carbonylhaemoglobins 
152),· d . h ]' h d 320 321 an w1t a 11g ly structure MCD spectrum ' . 
These spectral features have been closely reproduced with 
porphinatoiron(II)....:-scH3-co systems
317
-
320 but not with 
mercaptan or thiol species. The Soret band has also been 
theoretically explained in terms of an easily ionised 
322 thiolate p electron In contrast to the difference 1n 
optical spectra, the Mossbauer spectra of HbCO, red-P450cam-
(-CO) ( ... Suo) and the inactive P4 2 0 (-CO) are very similar cam 
280 At one time thiolate coordination in this and other 
stages was questioned, since the enzyme chloroperoxidase, 
which appeared to have no free sulphur to coordinate to the 
iron 323 , possessed very similar spectral properties to P450 
233. 
d . . 324,325 er1vat1ves . The paradox was resolved inasmuch as 
the free sulphydryl moiety of non-denatured chloroperoxidase 
325 may be hidden to conventional sulphydryl reagents . 
Dioxygenated Stage E : P450 (-0 2) ( .. .Sub) ----~~--------~~---------cam---
Dioxygen coordinates to red-P450 .. .Sub to g1ve an 
cam 
essentially diamagnetic dioxygen complex which, in contrast 
to oxyhaemoglobin, has only a weakly dependent nuclear quad-
1 1 . . 280 rupo e sp 1tt1ng . 
Chang and Dolphin326 reported that the optical spectrum 
of P450cam (-0 2)( .. .Sub) was not consistent with an [Rs-:.haem-0 2]-
species. The protein has a Soret band at 418 nm307 similar 
h 1 b . 152 h . d b h' to oxy aemog o 1ns T e spec1es purpo~te to e a t 10-
late-haem-dioxygen complex had a Soret band at 476 nm 326 . · 
Hence axial ligation of thiolate does not appear to pertain 
to oxygenated cytochrome P450; axial ligation of a cysteine 
310 thiol is implicated by default. However Collman notes 
that this result may be .artefactual. That red-P450 .. .Sub 
cam 
will also coordinate carbon monoxide to give a species in 
which thiolate coordination is well-established, indicates 
the possibility of thiolate coordination in P450cam~o 2 )­
( ... Sub) as well. 
Nevertheless the neutral,sulphur-base complex Fe(TpivPP)-
(THT) (0 2), whose structure is described in this section,remains 
a possible model for P450 t-o 2) ( ... Suh) in the absence of cam 
more definitive characterisation of this intermediate. The 
stereoche~ical consequences of substituting a sulphur base, 
tetrahydrothiophene, for an aromatic nitrogen base, 1-methyl-
234. 
imidazole are of intri11sic interest. As discussed in 
§2.2.5 and §4.2.5 a "softer" ligand system may induce side-
on coordination of dioxygen. Unfortunately the best data 
obtainable for Fe(TpivPP) (THT) (0 2) precludes any quantitative 
discussion of its stereochemistry. 
This complex 1s essentially diamagnetic and the tern-
perature dependence of its nuclear quadrupole splitting, bEq' 
is only slightly less than that for its nitrogen-base 
analogue Fe(TpivPP) (1-Me-imid) (0 2 )? 8~ However, temperature 
dependence apart, the Mossbauer spectra of the oxyhaemo-
proteins and their models are quite similar at the limit of 
0 4.5 K. 12 The Soret band for Fe(TpivPP) (THT) (0 2) is at 427 nm 
compared with 418 nm for P4 50 (-0 2) ( ... Sub) ; tetra phenyl-cam 
porphyrin derivatives do not reproduce the electronic spectra 
of protoporphyrin-IX derivatives very well. 
The mechanism by which the iron-dioxygen species 
delivers one oxygen atom to the substrate and loses the other 
as a water molecule, thereby returning the enzyme to its 
resting stage A, is unknown, but it has been speculated upon 
310,314 Axial ligation of the polarisable sulphur atom 
either as a thiol or as a thiolate ligand, is obviously of 
critical importance in the monooxygenase function of cyto-
chrome P450 enzymes. 
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4.3.2 Collection and Reduction of Intensity Data 
[ I I .· 11 Dark red-black crystals of Fe (TpivPP) (THT1·(THT) 2 
were prepared at Stanford University, sealed and mailed to 
Canterbury University. The contents of the vial were 
exposed to air (oxygen uptake is rapid and quantitative), 
and crystals were sealed in thin-walled lead-free glass 
capillaries. As evidenced by their smell,loss of THT 
solvate molecules from the lattice was extremely facile. 
Symmetry and systematic absences uniquely consistent with 
the monoclinic space group P2 1/c (No.l4)
207 
were observed 
by precession photography using Cu K~ radiation. Crystals 
not so protected from loss of solvate underwent a solid-
state transformation to a new,very highly mosaic lattice 
with a contracted a-axis. Most crystals were twinned or· 
suffered from very poor mosaicity. The 10-faced crystal 
eventually selected for data collection had maximum and 
minimum dimensions of 0.50 mrn and 0.35 rnrn, and a volume oi 
0.04 3 rnrn . Crystal rnosaicities for strong, low angle reflect-
ions ranged from 0.2D 0 to 0.32°. Peak profiles were approx-
irna tely symmetrical. Unit cell dimensions, obtained by the 
usual procedures (Appendtx 1), were: 
0 
a= 16.951(3), b = 18.153(4), c = 2·5.470(4) A, 
f3 = 107.14(8) 0 • 
The linear absorption coefficient calculated for four 
formula units of Fesc 68 N8o6H72 · (sc4H8) 2 in the cell and with 
-1 Mo Ka radiation was 3.45 ern , and since the maximum likely 
error due to neglect of absorption was less than 5%,absorption 
corrections to the intensity data were not applied. 
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Excluding systematic absences, 2796 independent reflections 
in the range 0°<28~29.2° were collected by the 8-28 scan 
technique with the Mo Ka radiation. Further data collection 
was not w~rranted in view of massive crystal decomposition 
and the lamentable lack of intensity; only 829 reflections 
had I > 3cr 1 . A symmetric scan range of 1.60° in 28,centred 
on the calculated peak position,comprised 80 steps each of 
0.75 second duration. Background counts, at each end of 
the scan, were recorded for 15 seconds. Three standard 
reflections monitored every 100 reflections suffered a nett 
20% drop in intensity. The data were processed by the 
standard procedure (Appendix 1). 
4.3.3 Solution and Refinement of the Structure 
Analysis of the three-dimensional Patterson synthesis 
established possible coordinates for the iron and coordinated 
sulphur atoms. A plot of the Patterson map over the u;Q,w 
plane (Figure 4.20) established the orientation of the meso-
tetraphenylporphinato fragment in a similar manner to that 
for Fe(TpivPP)(1-Me-imid)(0 2) (§4.2.3). The initial model 
consisted of four pyrrole and four phenyl rigid groups (each 
group having a single isotropic temperature factor) , and an 
iron and two sulphur atoms (each atom having an isotropic 
temperature factor). The methine carbon atoms were appended 
to the appropriate phenyl group. After six cycles of least-
squares refinement using 829 reflections having I>3cr 1 the 
discrepancy indices were 
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Plot of the u,O,w plane of the Patterson synthesis 
for [Fe(TpivPP) (THT) (02)] · (THT) 2 . 
R = 0.34 and R = 0.40. 
w 
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The temperature-factor of one atom assigned as sulphur was 
higher than that of the other atom; furthermore it refined 
to a position closer to the iron. Its designation was 
subsequently changed to oxygen. Several groups had refined 
rathe~ poorly yielding a severely distorted porphinato ring; 
these groups continued to refine poorly until the model was 
essentially complete. 
Fourier syntheses failed to indicate chemically 
reasonable coordinates for atoms not included in the model. 
Until the model was essentially complete and correct, the 
positional and thermal parameters especially were inclined 
to oscillate wildly during least-squares refinements. 
These problems were ameliorated by the use, wherever reas?n-
able, of rigid groups to impose chemically reasonable 
geometry on components of the complex. Nevertheless, since 
pairs of atoms were sometimes not resolved in Fourier syn-
theses and since Fobs Fourier syntheses often indicated-atom 
positions somewhat different from those derived by least-
squares refinement, elaboration of the structure was assisted 
by the less mathematically rigorous method of chemical 
intuition. Moreover, it was not until more, higher angle 
and weaker data (lying in the range cri<I~3cri) were utilised 
that least-squares refinements converged to a chemically 
reasonable conclusion. 
In the absence of satisfactory definition of the 
"pickets" from Fourier syntheses,direct methods were tried. 
The solution obtained using the data-phasing program)SAP, 
helped confirm suspicions concerning the orientation of the 
"pickets". Using the stereochemistry for the "pickets" 
239. 
determined in the structure analysis of Fe(TpivPP) (1-Me-imid)-
(02), pivalamidephenyl rigid groups oriented in the a,a,a,a-
atropisomer relative to the crystal b-axis were constructed 
assuming coplanarity of the four atom amide group with its 
phenyl ring. This eplarged model was refined so that 
R = 0.29 and R = 0.36. 
w 
This orientation was confirmed by the poorer refinement and 
agreement factors obtained by reversing the orientation of 
the pickets (i.e. the B,B,B,S-atropisomer relative to the 
crystal b-axis}. 
Positions for atoms of the solvate molecules and 
t-butyl groups were very slowly extracted from Pourier 
syntheses. Single atom models for pyrrole rings and t-butyl 
groups were tried and the R factor was reduced to 0.17. 
But the model was stereochemically unreasonable and the 
solvate molecules and the THT axial ligand were ill-character-
ised. In the light of experiences with the disorder of the 
t-butyl groups in Fe(TpivPP) (1-Me-imid) (o 2),and with the 
THT solvate molecule of the polymeric "picket fence" porphy-
rin derivative described in §4.4, closer investigations of 
these components were made. 
A structure factor calculation based on a model 
including the solvate species but with no contributions 
from the t-butyl groups and pivalamide oxygen atoms returned 
the following agreement factors:-
R = 0.27 and Rw = 0.35 
for 1077 reflections having l>2a 1 . The contribution of 
this part of the structure to the structure factors was held 
constant while the "pickets" were examined using Fourier 
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syntheses. No evidence for disorder of the 
methyl carbon atoms of any "picket" could be found although 
very high thermal motion was apparent for three of the 
pickets. The agreement factors were lowered to 
R = 0.170 and Rw = 0.172. 
The solvate molecules were now re-examined. They 
were removed from the model and structure factors were 
calculated. Inspection of the ensulng Fourier syntheses 
calculated over the appropriate volumes indicated that the 
tetrahydrothiophene solvate molecules were ordered except 
for very high libration of the sulphur atoms relative to other 
atoms of the ring. Conformational disorder of the sulphur 
atom was inferred; a similar disorderwas also inferred for 
the THT solvate molecule of the polymeric "picket fence" 
porphyrin derivative described in §4.4. One solvate site 
appeared to have an occupancy factor of only 0.75 compared 
to the other site which was assigned an occupancy factor of 
1.0. Four cycles of least-squares refinement of just the 
solvate molecules led to the following agreement indices:-
R = 0.155 and R = 0.150. 
w 
The THT axial ligand was now re-examined. Due to the 
limited data, Fourier syntheses all failed to resolve the 
atom positions of the two carbon atoms B to the sulphur atom. 
Their positions were estimated and refinement of just the 
axial ligand yielded agreement factors 
R = 0.154 and R = 0.148. 
w 
This penultimate model was refined so that 
R = 0.139 and R = 0.132. 
w 
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In particular, the geometry of the porphinato skeleton was 
much improved and more chemically reasonable. 
At this stage Fourier syntheses over the volume of 
the dioxygen ligand indicated end-on bent bond attachment 
of dioxygen. Fobs Fourier syntheses on models lacking both 
oxygen atoms returned only an elongated ellipsoid of electron 
density tilted away from the normal to the porphinato plane. 
A similar absence of resolution had been found earlier for 
the B carbon atoms of the THT axial ligand. In an effort 
to better define the dioxygen moiety, reflections having 
Models for dioxygen incorpor-
ating disorder were tested and found inappropriate. The 
dioxygen ligand was also constrained in a rigid group. 
In all refinements the end-on bent bond geometry was favoured 
over a side-on geometry. 
The final model for the structure was described by 
231 variable parameters and both the iron and sulphur atoms 
were allowed an anisotropic model for thermal motion. ·The 
final cycles of least-squares refinements utilised 1521 
reflections having I>ai and the agreement factors improved 
from R = 0.185 and Rw = 0.166 to 
R = 0.166 and R- = 0.145 
w 
at convergence. The standard error in an observation of 
unit weight was 1.770; the final scale factor was 0.3083(25). 
There was a slight dependence of the minimised function on 
IF I and sine/A. 0 ' ' However, it was felt unjustified to 
change the weighting scheme (p = 0.08) as this would only 
place greater weight on the large amount of very weak data. 
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There was little evidence for secondary extinction 
among intense low angle reflections. In the final cycle 
of refinement the ratios of the change in a parameter to 
its e.~.d. were all less than 0.51 except for the solvate 
species where the maximum ratio was 0.79. The final 
difference Fourier map was remarkably flat and·featureless. 
indicating that the final model is essentially correct. 
There is a table of IF 0 1 and IF c I for all data in 
Appendix 1. The agreement factors on ~11 data were 
. R = 0.298 and R = 0.150, and the standard error in an 
w 
observation of unit weight was 1.25. Out of 2796 reflect-
ions 90 had calculated intensities which lay outside the 
range 
< I + 
Table 4.10 lists final atomic parameters. 
The non-inclusion of 88 hydrogen atoms in the struct-
ural model, and the obvious but unavoidable inadequacies in 
the isotropic descriptions for the very high thermal motion 
of most parts of the structure severely compromise the 
precision of this structure analysis. The release of group 
constraints would be quite unjustified in terms of the avail-
able data. Although the geometry of much of the structure is 
constrained by rigid groups, the final model is chemically 
reasonable; in general chemically equivalent bond lengths 
do not differ significantly. Within the limitations imposed 
by the datatthe structure is therefore felt to be accurate. 
Table 4.11 lists selected bond distances for the complex and 
its solvate molecules, a limited number of bond angles are 
also listed. 
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'l'•ble 4.10, Final ot<>e~ic porAmeters for lro (TpivPP) ('l11T) 102 1 I• ('l11T) 2 , 
(A) Individually Retined At:c<ns 
1\lOO> X y z D AtOia X y z B Atom X y z D 
to 1762 (4). 1461 (4) 2036(3) b C(55) 069 (2) 176(2) 2968 (15) 4 ,0.(11) S(;\)c -272(3) 056(3) 3085 (19) 34.2(19) 
£ 1427 (10) 0137 (9) 2120(7) b c (75) -003 (2) 144 (2) 0963 (14) 2. 7 (10) C(1A)c -275 (5) 114 (6) 255 (4) 19. (3) 
0(1) 194 ()) 250(3) 1907 (19) 11.3 (14) N(11) 313 (2) 236 (2) 0527 (14) 5.9 (11) C(2J\)c -293 (4) 187 (4) . 274 (3) 13. (2) 
0(2) 160(5) 275 (5) 174 (3) 31. (5) 0(10) 366(2) 316(2) 0085 (16) 12.3(13) C(3J\)c -301 (5) 186(5) 333 (3) 17.(2) 
C(l) 240(4) -033 (4) 260 (2) 11.3(20) ll (31) 460(2) 245 (2) 3432(15) 7 ,8(12) C(41,Ac -317(6) 105 (7) 348 (4) 23. (4) 
C(2) 245 (4) -095(4) 226 (3) 15. (2) 0(30) 560 (3) 324 (3) 383 (2) 21. (2) S(D) -365 (4) 316(4) 116 (2) 37. (3) 
C(3) 207 (4) -104 (4) 171 (3) 12. (2) N(51) 059 (3) 313 (3) 3410(17) 9.7(14) C(JD)~ -437(5) 256 (5) 133 (3) 13. (3) 
C(4) 141 (3) -045(3) 156 (2) 9.2 (17) 0(50) 077 (2) 406(2) 4009 (15) 10.6 (12) C (2D) d -411(5) 176(5) 113 (4) 13. (3) 
C(1S) 204 (3) 116(2) 1118 (18) 6 ,l (13) N(7l) -095 (2) 261 (2) 0565 (14) 6,0(11) ~:~=~d -375(6) 206(5) 076 (4) 14. (3) C(35) 355 (3) 130(3) 3091 (10) 6,6(14) 0(70) -189 (3) 360(3) OllG (18) 15.3(15) -305 (6) 249 (G) 112 (4) 13. (3) 
(b) Derived l"a.rameters for Atoms Cons ha.ined in Ri9 id Groups 
ll(lO) 145(4) 135(3) 122 (1) ~.9 C(17) 343 (4) 170(3) 039 (3) C(81) -118(4) 081 (3) 026 (2) 
C(l1) 067 (3) 136(3) 085(2) C(18) 382 (3) 160(4) -002 (3) C(22) 321 (6) 308 (5) 030 (5) 24. (4) 
C(12) 072(3) 125(3) 030 (2) C(19) 411 (3) 091 (5) -009 (2) C(23) 277 (3) 371 (2) 048 (2) 12. (2) 
C(13) 152 (4) 117 (3) 034 (2) C(20) 403 (4) 032 (3) 023 ()) C(24) 317 (5) 376 (7) 111 (2) 20. (3) 
C(l4) 197 (2) 123(3) 091 (2) C(21) 364 (3) 042 (3) 064 ()) C(25) 293 (6) 444 (4) 026 (4) 14. (2) 
11(30). 294 (l) 127 (3) 210(3) 4.9 C(36) 429 (3) 122 (5) 356 (2) 9.0 C(26) 188 (3) 356 (5) 041 (3) 10. (2., 
C(31) 327 (3) 121 (3) 166 (2) C(37) 481 (5) 102 (3) 373 (3) C(42) 495 (5) 316 (4) 343 (3) 10. (2) 
C(32) 415(3) 114 (3) 186 (3) C(38) 550(5) 175 (4) 419 (3) C(43) 465(3) 381 (3) 303 (2) 10. (2) 
C(33) 437 (2) 116 (3) 241 (3) C()9) 567 (3) 109 (5) 447 (2) C(44) 390(4) 351 (5) 260 (3) 12. (2) 
C(H) 362 (4) 124 (3) 256 (2) C(40) 514 (5) 049 ()) 430(3) C(45) 447 (5) 442 (3) 337(3) ll. (2) 
11(50) 201 (4) 149 (3) 285 (1) 5.6 C(4l) 445 (5) 055 (4) 384 (3) C(46) 536 (4) 397 (5) 200(3) 18. (3) 
C(51) 279 (3) 142(3) 322 ()) C(56) 024 (3) 197 (5) 338 (2) 7.2 C(62) 094 (6) 379 (6) )54 (3) 9. (2) 
C(52) 277 (4) 156 (3) 377 (2) c (57) 022 (4) 266 (3) 362 (3) C(63) 142 ()) 432 (3) 330 (2) 12. (2) 
C(53) 198 (5) 172 ()) 374 (2) C(58) -020 (4) 274 (3) 401 (3) C(64) 201 (5) 383 (4) 309 (4) 24. (4) 
C(54) 151 (2) 167 (3) 317 (3) C(S9) -059 (3) 214 (5) 417 (2) C(65) 091 (7) 473 (5) 201 (3) 19. (3) 
11(70) 057 (2) 164 (2) 196(2) 4.3 C(60) -056 (3) 145 (3) 394 (3) C(66) 199 (6) 401 (5) 373 (4) 21. (l) 
C(71) 023 (3) 175(3) 23~ (1) C(61) -014 (4) 137 (3) 354 ()) C(82) -127 (7) 349 (5) 054 ()) 9. (2) 
C(72) -065 ()) 184(3) 217 (2) C(76) -087 (2) 148 (4) 051 (1) 3. 7 C(83) -071 (3) 411 (3) 083 (2) 12. (2) 
C(73) -085(2) 178 (3) 163 (2) C(77) -130(4) 213 (2) 033 (2) C(84) -124 (7) 457 (5) 110(4) 17. (3) 
C(14) -009 (4) 166 (3) 149 (2) C(78) -204 (4) 211 ()) -010(2) C(85) 001 (4) )85 (6) 130(3) 18. (3) 
C(l6) 335(3) 112(4) 072 (2) 6.8 C(79) -235 (2) 144 (4) -034 (1) C(86) -047 (5) 463 (5) 044 (3) 17. (3) 
C(80) •192(4) 079 (2) -016 (2) 
. (c) Croup Paratr.etera e 
; 
Croup X T z a p l\ qroup 
l>yrrolo-10 1264 (13) 1271 (8) 0722 (8) 1.46 (2) -2.91(3) -1.71 (2) 4.9(6) 
tyrrole-30 3670(12) 1202 (8) 2117(9) 1.46 (2) -2.88(3) l. 51 (2) 4.9 (6) 
l)'rrolo-50 2213 (14) 1572(9) 3348 (8) l. 36 (2) -2,90 (3) l. 39 (2) 5.6(6) 
Pyrrolc-70 -0161 (12) 1733 (8) 1928 (8) -l. 71 (2) 2.91(2) -1.46(2) 4.3 (6) 
l'hcnyl-16 3734 (10) lOll (1 3) 0311 (8) 0.15 (2) "2.92 (3) -1.13(2) 6.8 (7) 
l'henyl-36 4977 (14) 1154 (14) 4014 (9) -0.25 (3) 2. 95 (3) 0,65(2) 9.0 (7) 
l'henyl-56 -0170 (ll) 2054 (13) )777 (8) -0.24 (2) -3.13(3) 2.09 (2) 1.2 (1) 
l'henyl-76 -1610(10) 1462 (ll) 0082 (6) 0.08 (2) -3.05 (2) -2.60(1) 3.~45) 
'l's-ni 2772 (18) 3706 (16) 0482 (ll) -1.38 ()) -3.58(3) 1.55(4) 
'111-42 4650 (17) 3806 (16) 3025 (ll) 1.91 (3) -3.05 (2) 2.53 (2) _'1 '1'11-62~ 1424 (19) 4322 (19) 3305 (13) 2.10 (4) 2.72(3) -2.51 (4) -9 
Tll-02 ·0700(18) 4106(19) 0830(12) 2.99 (4) -2,51 (3) 0.80(3) 
-
q 
.. traction.al coordinates qeneratt:d by placing o. prior to the tirst digit. 
l> l.niaot.ropic theniu'll parameters for Fe 011 • 0.0028{3), S22 • 0.0041(4), B33 • 0.0013(1), B12 • 0.0003(4), 
'u• 0.0004(2), s23 -~o.0007(2)J for s 0.010(12), o.0054(9), o 2
oo54(6)i o.oo10~9), 0.0048(7), o.ooo6(6) 
where the !onn of the anisotropic thcnr.al ellipsoid is exp[Bllh + B22k + s33 1 + 2B 13hl + 28 23kl]. 
P.M.S components of the~~ displacernant •lonq the pr incipa 1 e llipsoida 1 ~xes are for Fe 0.176 (14), 
0,191(12) ond 0,280(12) A And !or s 0,265(24), 0.298(25) ond0,44l(2l) A. 
e OccuPancy !actor fixed At 1.0 (Occupancy tactor Fe, 1.0). 
ll Occupancy factor fixed At o. 75, 
• Angle• in radianS. 
f. M""'• C(22) to C (26) In T022, C(42) to C(46) in 'J:B42, C(62) to C(66) in TD62, and C(02) ta C(06) in 'I'B02, 
9 
.. toma allowed Individual temperatura factora. 
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Table 4.11 1 Selected bond distances (in II) and angles (in °) for [re (TpivPP) (THT) (02l]-
(TilT) 2 , 
(a) Bond Distances 
Atoms Distance Atoms Distance /\toms Distance 
Fe-N(lO) 2.00b C(35)-C(51) . 1.43 C(62)-0(50) 1.39 
Fe-N (30) 2,00 c (35)-c (36) 1.45 N(71)-C(77) 1.42 
Fe-N(SO) 1.99 c(55)..:c(54l 1.33 N(71)-c(82) 1.35 
Fe-N(70) 2.00 C(55)-C(71) 1.46 c (82) -0(70) 1.29 
Fe-0(1) 1.91(5) C(55)-C(56) 1.53 S (A)-C(ll\) 1. 72(8) 
·Fe-S 2.493(17) c (75)-c (74) 1.44 S(I\)-C(4A) 1.66(9) 
0(1)-0(2) .0.85 (10) C(75)-C(ll) 1.30 C (lA) -c (2A) 1.49(9) 
s-c(1l 1.94 (6) c (75) -c (76) 1.56 C(2A)-C(3A) 1.53(6) 
S-C(4) 1. 78 (6) N(ll)-C(17) 1.39 C(3A)-C(4A) 1.56(10) 
C(1)-C(2) 1. 44 (8) N(11)-C(22) 1.45 S (B)-C(1B) 1.79(9) 
C(2)-C(3) 1.36 (B) C(22)-0(10) 1.07 S(B)-C(4B) 1.61 (9) 
C(3)-C(4) 1.51(7) N (31) -c (37) 1·.37 C(l) -c(2B) 1.64 (10) 
C(l5)-c(l4) .1.41 N(31)-C(42) 1.43 C(2)-C(3B) 1.39(10) 
C(l5/-c(31) 1.36 C(42)-0(30) 1.27 C(3B)-c(4B) 1.49(10) 
C(l5\-C (16) 1.52 N(51)-C(57) 1.26 
C(35)-C(34) 1.40 N(51)-c(62) 1.36 
lbl Bond Angles 
Atoms Angle l\tom.s Angle Atoms Angle 
N (10) -re-N (30) 91 s-c (1) -c (2 l 99 N(l0)-C(l4)-C(l5) 125 
N(30)-Fe-N(SO) 91 C(l)-c(2)-C(3) 129 N(l0)-C(ll)-C(75) 126 
N (SO) -re-N (70). 90 c C2l -c C3l -c C4l 106 N(30)-c(34)-C(35) 123 
N(?O)··Fe-N (10) 89 C(J)-c(4)-S 113 N (JO) -c (31) -c (15) 127 
N(l0)-Fe-N(50) 175 C(14)-C(15)-C(31) 124. N(50)-c(54)-C(55) 124 
N(30)-re-N(70) 119 c (34) -c (35) -c (51). 124 N(SO)-C(51)-c(35) 127 
0(1)-Fe-N (10) 92 C(54)-C(55)-C(71) 125 N(70)-c(74)-C(75) 123 . 
0(1)-Fe-N ( 30) 90 C(74)-C(75)-C(l1) 125 N (70) -c (71) -c (55) 125 
O(l)-Fe-N(50) 93 C(l4)-C(l5)-C(16) 119 c C13l -c Cl4J -c (15) 124 
0 (1) -Fe-N (70) 90 C(31)-C(l5)-C(16) 117 C(l2)-c(11)-C(75) 123 
S-Fe-11(10) 90 C(34)-c(35)-C(36) 119 C(33)-c(34)-C(35) 127 
S-Fe-N(JO) 94 C(51)-C(35)-C(36) 117 C(32)-c(31)-C(l5) 122 
S-Fe-11(50) 85 C(54)-C(55)-C(56) 116 C(53)-C(54)-C(55) 126 
S-Fc-11(70) 95 C(71)-C(55)-C(56) 118 C(52)-C(51)-C(35) 122 
S-Fe-0(1) 175(1) C(74)-C(75)-C(76) 112 C(73)-C(74)-C(75) 126 
C(1)-s-c(4J 93 C(ll)-C(75)-C(76) 122 C(72)-C(71)-C(55) 125 
" For atoms constrained in rigid groups the following geometries ware as~umed•-
(i) Phenyl group s-c 1,39 A, C-C-C 120~1 (ii) t-Buty1 group
0
C-C 1.54 A, C-C-C 108°1 (iii) Pyrro1e groups 
N(lO)-C(ll) 1.376 II, C(ll)-C(l2) 1.441 A, C(12)-C(13) 1.340 A, C(ll)-N(10)-C(l4) 104,9°, N(10)-C(ll)-C(12) 
110,5°, C(ll)-C(l2)-C(13) 107.1°, 
b E,o,d.'s for bonds involving atoms constrained in rigid groups not calculated. 
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4.3.4 Description and Discussion of the Structure 
A quantitative discussiori of the stereochemistry is 
not possible in view of the very low precision but the 
complex and its crystal packing do have a number of interest-
ing features. 
Crystal Packing 
The crystal structure consists of well-separated 
molecules of the neutral complex Fe(TpivPP) (THT) (0 2), 
Figure 4.21 and 4.22. Solvate molecules of tetrahydrothio-
phene are stacked approximately down the c-axis; there are 
two channels per cell (Figure 4.23). The existence of 
these channels accounts for the facile coordination of 
dioxygen in the solid state and the almost equally facile 
loss of solvate molecules. Crystal packing is very loose. 
Solvate molecule B, which is present in only 0.75 occupancy, 
0 
has not non-hydrogen, intermolecular contacts less than 3!75 A. 
0 
There is a paucity of intermolecular contacts less than 3.75 A 
and the closest contacts involve the pivalamide oxygen atoms 
(Table 4.12). Thus the high thermal motion affecting many 
parts of the structure is readily appreciated. The method 
of preparation of this dioxygen adduct by a solid-gas reaction 
is not conducive to the formation of high quality crystals. 
Stereochemistry of the Complex 
End-on bent bond geometry for the Fe0 2 group is 
observed in this sulphur-based complex. Similaj geometry 
has also been established for the nitrogen-based analogue, 
Figure 4.21 
Figure 4.22 
Stereoscopic diagram of Fe (TpivPP) (THT) (02 ) .~­
Note the high thermal motion of the "picket" 
atoms with respect to the porphinato atoms. 
Thermal ellipsoids are Q.rawn at the 20% 
probability level. 
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Stereoscopic diagram of Fe(TpivPP) (THT) (02 ) showing 
the relative orientations of the axial base and 
dioxygen moieties. Thermal ellipsoids are drawn 
at the 20% probability level. 
Figure 4.23 Stereoscopic diagrams of the packing of Fe(TpivPP) (THT) (02) 
and THT solvate molecules with respect to the unit cell. 
The contents of two unit cells are included in order to show 
the packing around the solvate molecules. 
N 
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Table 4.12 
Atoms 
C(3) ••• C(79) 
c (4) ••. 0 (50) 
C (4A) •.. C (38) 
C ( 4A). • • C ( 3 9) 
0(10) .•• C(52) 
0(30) ••• C(79) 
0(50) ••• C(l3) 
0 (50) ••• c (12) 
0 (50) ••• c (81) 
C(l2) ••• C(58) 
0 
Non-hydrogen intermolecular contacts (<3.75 A) 
for [Fe (TpivPP) (THT) (0
2
)] • (THT) 
2
• 
Distance Atoms Distance 
3. 72 c (13) ••• c (80) 3.68 
3.66 c (21) ••• c (80) 3.58 
3.52 C(40) ••• C(25) 3.66 
3.65 C(59) ..• C(77) 3.75 
3.29 c (81) ••• c (66) 3. 72 
3.54 C(86) ..• C(86) 3.40 
3.27 
3.36 
3.64 
3.68 
248. 
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Fe(TpivPP) (1-Me-imid)(0 2), _ and for the 1:1 dioxygen 
adducts of cobalt-Schiff base derivatives (Chapter 3). 
Dioxygen is coordinated on the side of the porphyrin 
protected by four pivalamide "pickets". Disorder of the 
kind observed for its 1-methylimidazole analogue is not 
apparent. 
This is in apparent contradiction to the Mossbauer 
studies of Lang 251 where the temperature dependence of the 
nuclear quadrupole splitting for Fe(TpivPP) (1-Me-imid) (0 2), 
Fe(TpivPP) (THT) (0 2) and oxyhaemoglobin is attributed to the 
different conformations that the Fe-0 2 group may adopt with 
respect to the axial base; two crystaliographically independ-
ent conformations are found in the structure of Fe(TpivPP)-
(1-Me-imid) but only one for the sulphur-based analogue. 
However, a single crystal is not necessarily representative 
of the bulk sample. 
As observed in most other end-on 7 bent-bond metal-
a 
dioxygen complexes the Fe-0/ plane approximately bisects 
the N h-Fe-N h right angles. porp porp. 
The sulphur atom of the tetrahydrothiophene axial 
0 
ligand is coordinated with an Fe-S separation of 2.49(2) A. 
In contrast to the Fe-0 separation, this separation is 
considered to be reliable. There are few compounds avail-
able for comparison. An iron-anionic sulphur separation 
0 
of 2.324(2) A is observed for the cytochrome P450 model 
311 
compound Fe(proto-IX-DME)(sc 6H4No 2) . The dimeric compound 0 
[Co (Ssalen)] 2 has a Co-Sax separation of 2. 444 (1) A 
203
. 
Thus, regardless of the lack of precision of this analysis, 
it is unfortunately not possible to find any indication of 
a greater or lesser trans effect than that observed for 
250. 
Fe(TpivPP) (1-Me-imid) (0 2). 
The dihedral angle between normals to the least-
squares planes of axial ligand and the porphinato skeleton 
The Fe-S vector is canted 5.9° to the normal to 
the porphinato skeleton. As a result unduly close C(1) ... 
Nporph' C(4) ... Nporph contacts are avoided; such contacts 
0 0 
are in the range 3.38 A to 3,46 A. 
0 
The iron atom is displaced 0.05 A from the mean 
0 
plane of the porphinato nitrogen atoms and 0.04 A from the 
' plane of the 24-atom porphinato core. The displacements 
are slightly larger than those observed for Fe(TpivPP) (1-Me-
0 
imid)(0 2) (0.030 and 0.015 A). The differences, although 
probably not significant, are in line with expectations 
based on substituting the nitrogen-containing, imidazole 
base by the weaker, sulphur-base molecule tetrahydrothio-
phene. The different stereochemistry for the metal-dioxygen 
moiety, which could conceivably result from axial ligation 
of sulphur rather than nitrogen, has been discussed in 
§ 4. 2. 5. 
There is no apparent systematic symmetrical orient-
ation of the pyrrole groups with respect to each other. 
Figure 4.24 illustrates the displacements of atoms from the 
least-squares plane for the porphinato core. The Fe-N porph 0 0 
separations which range between 1.99 A and 2.00 A are typical 
of essentially diamagnetic ferrous compounds such as 
237 Fe(TpivPP) (1-Me-imid) (0 2) (§4. 2), Fe(TPP) (1-Me-imid) 2 
and Fe(TPP)(pip) 2 
283
. The phenyl groups, Phenyl-16 to 
0. 0 0 0 Phenyl-76, are tilted by 106.3 , 97.7 , 80.6 and 73.4 , 
respectively, to the porphinato plane. 
2 51. 
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Figure 4.24 Deviations of atoms from the least~squares plane·of.the 
24-atom porphinato core for Fe(TpivPP) (THT) (o2). The 
orientation of the axial base is indicated. The 
"pickets" are directed upwards out of the page. 
• . • 0 1 3 
Dlstances ln A x 0 
Concluding Remarks 
Thiolate axial ligation to the iron(III) and 
ferrous carbonyl derivatives of cytochrome P450 is well-
established through model studies. The axial ligation 
for the oxygenated stage is not so well-established 
although thiol ligation has been inferred326 . If this 
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is correct then the structure just described is a possible 
model for this stage. 
It 1s found that dioxygen also coordinates to iron 
in an end-on bent bond manner for this sulphur-based com-
pound. But, unfortunately, more detailed comparison of 
the stereochemistries of the sulphur-base and nitrogen-base 
iron-dioxygen complexes is not possible. The very low 
precision that was obtained for the structure of Fe(TpivPP)-
(THT) (0 2),and also the low precision that was obtained for 
Fe(TpivPP) (l-Me-imid)(o 2), together with the lack of thiol 
~nd thioether metalloporphyrin derivatives preclude this; 
Such comparison could be very illuminating in understanding 
the different functions of the monooxygenase cytrichrome 
P450 systems and the oxygen-carrier haemoglobin systems. 
4.4 The Crystal and Molecular Structure of Catena-
{~-~eso-tetra(a,a,a,a-orthopival~midephenyl)­
porphin a to-N, N' , N", N"' :OJ- aquoiron (I I) · tetrahydro-
thiophene}, Polymeric-[Fe(TpivPP)(OH 2)] ·THT. 
This complex arose from repeated efforts by Collman 
and coworkers to prepare, hopefully, better quality crystals 
of [Fe(TpivPP)(THT)]·(THT) 2 for a more precise structure 
analysis of [Fe (TpivPP) (THT) (0 2)}(THT) 2 . The curious 
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polymeric linking of Fe(TpivPP) units through a pivalamide 
\ 
oxygen atom, iiliichhas been revealed by the single crystal 
X-ray diffraction structure analysi~was quite unexpected. 
Determination of the structure of this compound 
(§4.4.1, §4.4.2) was relatively routine compared to the 
structure analyses reported in §3.2 and §4.2 and §4.3. 
However, with its novel nature, the compound is not easily 
pigeon-holed, (§4.4.3). 
Five-coordinate complexes such as Fe(TPP) (2-Me-imid) 
190 
and deoxy-Hb 152 are high-spin ~=5/2). Their six-coord-
inate derivatives, which have as the sixth ligand a second 
aromatic amine or a diatomic molecule such as dioxygen or 
carbon monoxide, are essentially diamagnetic (S=0) 12 ,l 9l, 
253 330 II . 
' The four-coordinate complex, Fe (TPP), 1s 
intermediate spin (S=1) 284 . Five-coordinate porphinato-
. \I ·III 2- Vrri 1ron(III) complexes) such as Fe -0 -·Fe , are not applicable 
II :\\ 
because of interaction between the iron centres via the 
~-oxo bridge 254 , 285 . However, six-coordinate porphinato-
iron (III) der-ivatives are found as both high{S=5/2) and low-spin 
(S=~) complexes. Aquo-methaemoglobin is high-spin, cyano-
methaemoglobin is low-spin152 . The complex shown by this 
structure analysis to be polymeric- [Fe(TpivPP) (OH 2)] ·THT is 
unlike any other six-coordinate iron(II) complex, or, for 
that matter, five-coordinate iron(II) complex, with its 
semi-coordinated water molecule and weak, amide oxygen, fiftl).· 
ligand. Because it is high-spin, it is not unrelated to 
the high-spin iron(III) complexes which have a weak sixth 
ligand such as water or fluoride. 
254. 
4.4.1 Collection and Reduction of Intensity Data 
Dark purple-black crystals of the compound shown by 
this analysis to be polymeric- [Fe(TpivPP)(OH 2)]· (THT) were 
prepared at Stanford University. Magnetic susceptibility 
measurements on a powdered sample (~=4.9BM), the ability 
of the dissolved species to coordinate carbon monoxide and 
the ability of the solid complex to coordinate carbon monox-
ide (30% uptake per iron atom over three days) characterise 
th 1 h . h . (S 2) f d . . 331 e camp ex as a 1g -sp1n = errous er1vat1ve . 
The presence of H2o or OH was confirmed, subsequent to 
t t 1 . b . 1 . 331 s rue ure ana ys1s, y m1croana ys1s . 
S t d . b 207 . 1 . ymme ry an systemat1c a sences un1que y cons1stent 
with the orthorhombic space group P2 1 21 21 were established 
by precession photography using Cu Ka radiation. Most 
crystals, despite nearly perfect cuboid habit, were twinned. 
The cuboid crystal eventually selected for data collection 
3 had dimensions 0.25 x 0.25 x 0.15 mm . Diffraction was 
weak despite its size. The crystal was randomly oriented 
with respect to the diffractometer ~-axis. Crystal mosaic-
0 0 ities ranged from 0.19 to 0.35 . Peak profiles of reflect-
ions such as 020, 121, 414 had pronounced shoulders. 
Crystal orientation and unit cell dimensions were obtained 
at 23°C by standard procedures (Appendix 1) using Mo Ka 
radiation. The dimensions so obtained were 
0 
a = 15.448(4), b = 26.415(6), c = 14.960(4) A. 
The calculated density for four formula units of Fe c64N8o4-
H64·oH2·s c4H8 in the cell was 1.27; the measured density 
was 1.25(1) gm -3 em The linear absorption coefficient·~ 
255. 
-1 
was 3. 48 em , and no absorption correction was applied 
since the maximum likely error due to neglect of absorption 
was les~ than 3%. Excluding systematic absences,3676 
reflections in the range 0<28~41° were collected using 
Mo Ka radiation. A symmetric scan range of 1.40° in 28 
centred on the calculated peak position comprised 70 steps 
each of 4 second duration. Stationary crystal, stationary 
counter background counts at each end of the scan were 
recorded for 70 seconds. Three standard reflections, 
monitored every 50 reflections, each suffered a decrease 
of ~8% in intensity. The data were processed by the 
standard method (Appendix 1). 
4.4.2 Solution and Refinement of the Structure 
Analysis of the three dimensional Patterson syn-
thesis readily yielded the position of the iron atom in 
the asymmetric unit. The iron atom was assigned an isotropic 
temperature factor of 4. 0~2 , and its position together with 
an overall scale factor were refined so that 
R = 0.44 and Rw = 0.51 
for 1522 reflections having I>3o 1 . 
atom ratio 
z2 
-2 Iz. 
. 1 
1 
= 0.19 
In view of the heavy 
the ability of the iron atom alone to phase the reflection 
data was doubtful. Consequently, and in order to gain 
experience, the direct methods program MULTAN was used to 
provide sets of phases for the structure factors. 
The E-maps thus generated were not interpretable. 
Accordingl~ a weighted F(obs) Fourier synthesis was 
calculaied with phases derived from the original> single 
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iron atom model. The orientation of the meso-tetraphenyl-
porphinato skeleton was deduced. 
The four phenyl groups were assumed to be orthogonal 
to the four pyrro1e groups; a model comprising these eight 
rings as rigid groups each with a single isotropic temper-
ature factor;and an iron atom was refined so that 
R = 0.35 and Rw = 0.44. 
Two phenyl groups failed to refine sensibly; the assumption 
of orthogonality being invalid. 
Successive cycles of Fourier syntheses and least-
squares refinement established positions in the asymmetri~ 
unit. for the remaining non- hydrogen a toms of the Fe (Tpi vPP) 
unit. ~ourier syntheses in the region of the pivalamide 
11 picket~'were examined very closely for evidence for disorder; 
none was found. The t-butyl groups of the pivalamide 
"pickets" were refined as rigid groups with each group 
having a single isotropic temperature factor. 
ments factors were reduced to 
R = 0.179 and Rw = 0.218. 
The agree-
At this stage a difference Fourier synthesis revealed 
five atom positions for the tetrahydrothiophene solvate 
molecule. The peak height of the sulphur atom~compared 
with those for the carbon atoms, was considerably lower 
than expected. The possibility thav the' molecule suffered 
five-fold disorder was examined and discounted on the 
following grounds:-
1. The integrated electron density of the highest 
peak was very much larger than those for the other peaks. 
The considerably elongated thermal ellipsoid was oriented 
257. 
with its major axis perpendicular to the approximate plane 
of the solvate spec1es. 
2. Peak separations in the difference Fourier synthesis 
corresponded to an ordered model; these were maintained in 
subsequent refinements. 
Refinement of an occupancy factor,with atoms assigned a 
0 
temperature factor B=8.0 A~ did not indicate partial occup-
ancy of the solvate sites by THT. Inclusion of the THT 
in the structure model led, on refinement, to R = 0.13. 
At this stage a difference Fourier synthesis once 
0 
again indicated electron den~ity at approximately 2.9 A 
from the iron atom. This was included in the model as an 
oxygen atom. Atoms of the t-butyl groups were allowed 
individual isotropic temperature factors and the model was 
refined so that 
R = 0.120 and R = 0.135. 
w 
Group constraints on. pyrrole and t-butyl groups were 
now progressively relaxed,hydrogen atoms were included on 
0 
the phenyl rings (r(C-H)=1.0 A) and selected atoms allowed 
anisotropic models for their thermal motion. Reflections 
having I>o 1 were used in the refinement. For the final 
four cycles of least-squares refinement the 480 variable 
parameters,which now defined the model,were compounded from 
four blocks into two blocks,with each block having 354 
variable parameters. 
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The off-diagonal components of the full least-
squares matrix,which are of greater significance for 
refinement with limited data,are of course better catered 
for in larger matrices. The relative contents of each 
block were shuffled between cycles. The thermal ellipsoid 
parameters of two atoms N(31) and C(84) became non-positive 
definite on the first cycle. The appropriate 8·. terms 
11 
were adjusted by less than one e.s.d. so that the atorrshad 
physically meaningful thermal ellipsoid parameters, which 
parameters were held constant for the subsequent three 
cycles. Refinement converged at 
R = 0.116 and Rw = 0.104. 
For 2576 reflections having I>a 1 the standard error in an 
observation of unit weight was 1.461. For the portion of 
data having I>3a 1 the agreement factors were 
R = 0.074 and Rw = 0.087. 
A structure factor calculation in the enantiomorphic space 
group gave poorer agreement indices R and R ; the original 
w 
enantiomorph was taken as correct. The scale factor was 
0.6742(27). 
In the final two cycles the ratios of the change in 
a parameter to its e.s.d. were all less than 0.75. A 
difference Fourier map, calculated prior to the final four 
cycles, was featureless; the highest peak height was 0.39-
o· o ~ A- 3 compared to 1.35 ~ A- 3 for the last located non-
hydrogen atom. Thcire was little evidence for secondary 
extinction among strong,low angle reflection~ Since the 
averaged values of the minimised function were generally 
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independent of IF 0 1 and sine/A then weighting scheme 
(P=0.074) was judged satisfactory. However, the value of 
0 . 
the function for low angle data,sinB/A <0.176 A-l (the 
data most affected by the non-inclusion of 58 hydrogen atoms 
in the model), is rather higher than for the rest of the data. 
A table of IF· I and IF I for all data is contained 
0 c 
in Appendix 1. The agreement factors for all data are 
R = 0.194 and Rw = 0.107 
and the standard error in an observation of unit weight is 
1.342. There are no apparent systematic discrepancies 
between IF I and IF I for data not used in refinement. 0 c 
For all data, 78 reflections, including a number of low angle 
ones, lie outside the range 
Final atomic parameters and RMS amplitudes of thermal 
displacement are quoted in Tables 4.13 and 4.14. 
4.4.3 Description and Discussion o£ the Structure 
General Desc~iption of Structure 
The crystal structure consists of infinite chains 
of Fe(TpivPP) units; a pivalamide oxygen atom of one unit 
is coordinated to the iron atom of another at a separation 
0 
of 2.22(1) A. There are two chains per unit cell. 
Solvate molecules of tetrahydrothiophene occupy interstices 
in the crystal lattice. Nestled among the pivalamide 
0 
"pickets" is a water molecule 2.90(2) A from the iron atom. 
The coordination geometry. about the iron centre is 
approximately square-pyramidal; the iron atom is displa~ed 
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0062(14) 
006B(l6) 
0095(20) 
0003 
0041(7) 
0039(12) 
0030(10) 
0133(20) 
0028(11) 
0072 (14) 
0062 (13) 
0148(21) 
0070 (18) 
0120 (19) 
Ol90(2B) 
0073(16) 
omq(l?.l 
0070 (11) 
0181 (18) 
0064 (14) 
0060(12) 
0122 
0080 (15) 
0095(16) 
0168(14) 
022(5) 
009(3) 
015(4) 
009(3) 
B 
2.1(3) 
2.8(4) 
3.4(4) 
3.2(4) 
3.1 (4) 
3 .8(4) 
4.0(4) 
2. 7 (4) 
2. 7 (3) 
3,9(4) 
00130 (4) 
0044(6) 
0009(2) 
0013 (2) 
0013 (3) 
0014 (3) 
001fl(3) 
0021(3) 
0013 (5) 
0041(7) 
0044 (7) 
0035 (7) 
0059(10) 
0021 
001B(3) 
0010(4) 
0037(6) 
0013(4) 
0044(6) 
0034(6) 
0040(5) 
0094(10) 
0055(9) 
0024(5) 
0029 (6) 
0048(8) 
OOo?. fq) 
0018 (3) 
0040(4) 
0034 (5) 
OOOB(4) 
0028 
0044(7) 
0014(4) 
ooe5 (6l 
0041(9) 
0049(10) 
0037(7) 
0083(15) 
Atom 
c (33) 
C(34) 
c (51) 
c (52) 
C(53) 
C(54) 
'• C(71) 
C(72) 
C(73) 
C(74) 
00639 (18) 
0118 (15) 
0052 (B) 
0034 (7) 
0030 (8) 
0037 (8) 
0070 (11) 
0313 (26) 
0087 (17) 
0086 ( 1B) 
0081(17) 
0191 (30) 
0177 (31) 
0074 
. 0046 (8) 
0069 (16) 
0024 (11) 
0077 (16) 
0069(14) 
0030(12) 
0056 (13) 
0112 (17) 
0094 (23) 
0049(14) 
0082(20) 
OOB7 (19) 
011~1?~\ 
0025 (8) 
0072 (11) 
0046(12) 
0057(14) 
0007 
0065(15) 
0060 (13) 
102(8) 
010 (3) 
019 (5) 
014 (3) 
016 (3) 
X 
0336 (12) 
0658 (11) 
1686 (11) 
2439(12) 
2566(11) 
1943 (12) 
1314 (12) 
1300(12) 
06BO(l2) 
0269(12) 
00093 (9) 
-0000(0) 
0002(4) 
-0002(4) 
0002(5) 
-0002(4) 
-0016(5) 
-0008(5) 
0019 ( 10) 
0011(7) 
0001(8) 
0026(9) 
-0040 (12) 
0003 
-0000(4) 
-0008(5) 
0000 (7) 
0018(8) 
-0011 (7) 
0000(8) 
0022(6) 
0013 (13) 
0048(11) 
0006(8) 
0003 (12) 
-0035(9) 
OOO!i!Rl 
0001(5) 
-0036(7) 
0025 (8) 
-0008 (6) 
0004 
-0012 (10) 
-0002(6) 
0002(8) 
0006 (19) 
0050(14) 
-0027(14) 
-0021(18) 
y 
-3663(6) 
-3155(6) 
-2512(7) 
-2377 (7) 
-1869 (7) . 
-1695 (7) 
-1052(7) 
-0544 (7) 
-0542 (7) 
-1055 (5) 
(b) Derived.Parameters for Atoms Constrained in Rigid Groups 
-3415 (6) 
-3456(5) 
-3846 (7) 
-4194(6) 
-4153(5) 
-3763(71 
-3219 (7) 
-387(1) 
-4461 (9) 
-4390(7) 
-3307(7) 
-3563 (8) 
-38B8(6) 
-4036(7) 
-3859(8) 
-3535 (6) .. 
-346(1) 
-4008(9) 
-426(1) 
• -396(1) 
X 
-1920(5) 
2064(6) 
3175(6) 
-0872 (4) 
278(1) 
261(1) 
300(1) 
355(1) 
372 (1) 
333111 
223 (1) 
288(2) 
382 (2) 
410(1) 
-056 (1) 
-126(1) 
-190(1) 
-184 (1). 
-114 (1) 
-050 (1) 
-130(2) 
-238(1) 
-228 (1) 
-110(2) 
3.1(4) 
4;2(4) 
5.6(5) 
4.7(5) 
4.8(5) 
2.9(4\ 
6,0 
7.0 
6.0 
6.0 
4.0(4) 
5.5(5) 
4.7(5) 
6.7(6) 
4.6(5) 
3.7(4) 
7.0 
6.0 
7.0 
6.0 
C(56) 
C(57) 
c (58) 
C(59) 
c (60) 
C(611 
11(57) 
11(58) 
11(59) 
11(60) 
C(76) 
C(77) 
c (7B) 
c (79) 
C(BO) 
c (81) 
11(77) 
11(70) 
11(79) 
11(80) 
255 (1) 
249 (1) 
312 (1) 
380(1) 
386(1) 
Jnlll 
202 (1) 
308(2) 
423(1) 
433 (1) 
-062 (2) 
-105 (1) 
-130(1) 
-112 (2) 
-070 (1) 
-045 (1) 
-117 (1) 
-159 (2) 
-129(3) 
-058(2) 
(c) Rigid Group Parameters 
y 
-3805 (3) 
-3'/11(3) 
-050B(3) 
-0522(3) 
II 
3165(5) 
-1202(6) 
0040(6) 
4357(6) 
e 
1. 956 (8) 
1. 536 (8) 
0.836(0) 
2.590(10) 
-0841(6) 
-0647(8) 
-0314(7) 
-0176(6) 
-0370 (B) 
-0702171 
-074 (1) 
-081(1) 
0051 (8) 
-028 (1) 
-0851(7) 
-0401(6) 
-0072 (6) 
~0193 (7) 
-0643 (6) 
-0972 (6) 
-0318 (9) 
0235 (8) 
003(1) 
-0726 (9) 
<1 
2.674(7) 
2,652(7) 
-2.799(7) 
2.395(6) 
260. 
002B3(17) 
-0030(14) 
0004(7) 
0016(7) 
0009(7) 
0005(7) 
0007(9) 
0002 (17) 
0029(20) 
-0007(12) 
0012 (13) 
0029 (18) 
-0030(20) 
0002 
OOOB(7) 
0039(12) 
0013(9) 
0023(15) 
0002(12) 
0013 (11) 
-0039 (10) 
-0004 (17) 
0052(17) 
0013(14) 
0038(20) 
0012(16) 
-0024(14) 
0000(8) 
0054(13) 
0039(12) 
0010(12) 
-0001 
0044(13) 
-0047(12) 
011(4)' 
002(3) 
000(3) 
008 (3) 
-000(3) 
z 
0694 (11) 
0641 (11) 
0048(12) 
-0545(13) 
-0351(11) 
0311 (12) 
1321 (14) 
1702(13) 
2357 (12) 
2387 (11) 
035(1) 
-051(1) 
-082(1) 
-027 (1) 
059 (1) 
09011\ 
-089(2) 
-141(1) 
-049(2) 
097(2) 
368(1) 
3470(9) 
415(1) 
504 (1) 
5245(8) 
457(1) 
286(1) 
401(2) 
550(1) 
5851(9) 
p 
0.486(7) 
-o. 891 (8) 
1.197(8) 
1.661 (10) 
00107 (9) 
-0006(7) 
0003(4) 
0002(4) 
0009 (5) 
-0001(4) 
0001(5) 
-0019(0) 
0006(9) 
0019(10) 
0016(9) 
-0010 (12) 
0072 (15) 
0007 
-0001(4) 
-0007 (6) 
0013 (7) 
-0002 (7) 
0002 (B) 
0002 (6) 
-0005 (7) 
-0048(10) 
0028(13) 
-0021 (7) 
-0016(9) 
-0001 ( 10) 
0002 ( 121 
-0015(4) 
-0014 (6) 
0018 (7) 
0007 (6) 
-0008 
-0010 (10) 
0004 (6) 
0051 ( 20) 
0038 (12) 
-0007 (17) 
-0020(12) 
-0035 (18) 
D 
4.0(4) 
3.1(4) 
3.0(4) 
4.4(5) 
3.3(4) 
3. 7 (4) 
4.4(4) 
4.7(5) 
4.4(4) 
3,2(4) 
3.8(4) 
4.6(5) 
5,5(5) 
4.5(4) 
5. 3 (5) 
5.11~\ 
6.0 
7.0 
6,0 
6.0 
3.1(4) 
4,3(4) 
5.0(5) 
4.9(5) 
4.3(4) 
4.1(4) 
6.0 
6.0 
6.0 
6.0 
" 11niootropic thermal paralnCtorn generated by placing 0, pdor to first digit, aior•ilar1y positional parameters. 
b Thorma1 parameter• not rofincd, Sco text. 
c !lydrogon ntom 11(17) attached to carbon atom C(1'1) etc. 
d Anglos in rndlans. 
Table 4.14 : RMS components of thermal-displacement along the principal ellipsoid 
axes for polymeric- [Fe(TpivPP) (OH2 l] ·THT. tl\) . 
Atom . RMS1 RMS2 RMS3 Atom RMS1 RMS2 :RKS3 
·Fe 0.188(5) 0.190(4) 0.338(5) N(51) 0.14(4) 0.30(3) 0.42 (3) 
0 (1) 0.32(3) 0. 40 (3) 0.45 (2) 0(50) 0.30(3) 0.42 (3) 0.61(3) 
·N(10) 0.17(3) 0.19(3) 0.25(2) C(62) 0.13(6) 0.28(4) 0.54(4) 
N(30) 0.12(4) 0.22(2) 0.23(2) C(63) 0.15(5) 0.34(3) 0.39 (3) 
N(50) 0.14 (3) 0.22(3) 0.26(2) C(64) 0.24(4) 0.35(4) 0.49(4) 
. N(70) 0.17(3) 0.21(2) 0.23(2) C(65) 0.21(4) 0.32 (3) 0.46(3) 
N(ll) 0.16(3) 0.28(2) 0.31(2) C(66) 0.13(5) 0.40(4) 0.47(3) 
0(10) 0.25(2) 0.33(2) 0.60 (3) N(71) 0.10(4) 0.28(2) 0.29 (2) 
C(22) 0.19(4) 0.30(3) 0.45(4) 0(70) 0.24(3) 0.31(2) 0.54(3) 
C(23) 0.06(10) 0.28(3) 0.41(3) C(82) 0.13(5) 0.23(3) 0.42(3) 
C(24) 0.25 (3) 0.30(3) 0.41(3) C(83) 0.14(5) 0.26(3) 0.29(3) 
C(25) 0.19(4) 0. 40 (3) 0.47(4) C(84)a 0.07 0.32 0.39 
C(26) 0.20(5) 0.33 (4) 0.61(4) C(85) 0.18(4) 0.34(3) 0.42(3) 
N(3l)a 0.06 0.26 0.31 C(86) 0.18 (4) 0.22 (3) 0.39 (3) 
0(30) 0.20(2) 0.244(19) 0.257(18) s 0.432 (19) 0.540 (20) 1.09 (4) 
C(42) 0.11(6) 0.18(4). 0.34(3) C(1) 0.23(4) 0.45(5) 0.52(6) 
C(43) 0.11(5) 0.2i(3) 0.37(3) c (2) 0.18(6) 0.47 (6) 0.50(5) 
C(44) 0.18(4) 0.29(3) 0.42(3) c (3) 0.27 (5) 0.32(4) 0.54(5) 
c (45) 0.17(4) 0.28(3) 0.40(3) C(4) 0.30(5) 0.39(5) 0.58 (5) 
C{46) 0.17(4) .0.30(3) o. 35 (3) 
a Thermal parameters not refined. See text. N 
0\ 
f-' 
262. 
0.28 ~from the plane of the porphinato nitrogen atoms. 
The direction of displacement is away from the semi-coordin-
ated water mrilecule towards the coordinated pivalamide 
0 
oxygen atom. The average Fe-N 1 separation is 2.069(15) A. porp 1
The stereochemistry Will be analysed more closely below. 
Figure 4.25 is a stereodiagram of two linked units. 
The crystal packing is illustrated in Figure 4.26. Bond 
distances and angles together with the average value for a 
given class of bond distance or angle are contained in Tables 
4.15 and 4.16 respectively. 
Inspection of Tables 4.15 and 4.16 shows that the 
structure is> in the main, internally consistent since the 
standard deviation which is calculated for the dispersal of 
bond lengths and angles of a given chemical class abbut their 
mean is similar for most classes to the e.s.d. of an individ-
ual bond length or angle. A notable exception is found in 
the separations between the pivalamide nitrogen and pivalamide 
carbon atoms; in view of the high but similarly orientea, 
thermal motion of the atoms involved in this class of bond, 
simple ascription of the spread of these bond lengths to 
thermal motion and/or disorder is not sustainable. 
The thermal ellipsoids are reassuringly not oriented 
in an abnormal manner (Figure 4.25). 
Packing of the Fe(TpivPP) Units 
The crystal packing has several notable features. 
Firstly, despite the awkward shape of the Fe(TpivPP) unit 
0 
there are few non-bonded contacts less than 3.45 A between 
the units or with the ~olvate molecules; all of these 
Figure 4.25 
Figure 4.26 
263, 
Stereoscopic diagram of two linked Fe(TpivPP) (OH2 ) 
units. The atom labelling system is illustrated. 
Thermal ellipsoids are drawn at the 40% probability 
level. 
Stereoscopic ~iagram of the packing of Fe(TpivPP) (OH2 ) 
units and THT solvate molecules with respect to the 
unit cell. An extra two units are included to illustrate 
the polymeric nature. 
0 
Table 4.:15 : Bond distances (in A) for polymeric- [Fe (TpivPP) (OH
2
l] ·THT • 
Atoms Distance Average Atoms Distance Average Atoms Distance Average 
Fe-N(lO). 2.048(13) * C (15)-C (14) 1. 412 (21) " C(22)-C(23) 1.49 (3) * 
Fe-N(30) 2.071(13) * C(l5)-C(31) 1.416 (20) * C(23)-C(24) 1.50(3) * 
Fe-N (50) 2.083(13) * C(35)-C(34) 1.448 (21) * C(23)-C(25) 1.56(3) * 
Fe-N(70) 2.074(14) 2.069(15) C(35)-C(51) 1. 368 (22) 
* 
C(23)-C(26) 1.53 (3) 
* 
Fe-0 (1) 2.897(19) C(55)-C(54) 1. 357 (22) * C(42)-C(43) 1.55 (3) * 
Fe-0(30)' 2.221(14) C(55)-C(71) 1.413 (23) * C(43)-C(44) 1.55 (3) * 
N (lOJ -c (11) 1.395 (19) * C(75)-C(74) 1. 385 (21) * C(43)-C(45) 1.58(3) * 
\'1(10)-C(l4) 1.386(19) * C(75)-C(11) 1.404 (20) ·1.400{20) C(43)-C(46) 1. 53 (3) * 
N(30)-C(31) 1.357(18) * C(l5)-C(l6) 1.499 * C(62)-C(63) 1.51(4) * 
N(30)-C(34) 1.348 (18) ... C(35)-C(36) 1.508 .. C(63)-C(64) 1.58(3) * 
N (50) -c (51) 1.368(21) 
* 
c (55) -c (56) 1.487 * C(63)-C(65) 1.53 (3) * 
N(50)-C(54) 1. 378 (21) * C(75)-C(76) 1.495 1.497 (9) C(63)-C(66) 1.58(3) * 
N(70)-C(71) 1.400 (21) * N(11)-C{21) 1.433 * C(82)-C(83) 1.51(3) * 
N(70)-C(74) 1. 402 (19) 1. 380 (21) N (311 -c (41) 1.416 * C(83)-C(84) 1.50 (2) * 
C(ll)-C(12) 1.408 (22) * N(51)-C(61) 1.381 * C(83)-C(85) 1.51(3) * 
c (13) -c (141 1. 464 (22) * N(71)-C(81) 1.424 1.414 (23) C(83)-C(86) 1.59(2) 1.54 (3) 
C(31)-C(32) 1.437(19) * N (11) -c (22) 1. 38 (3) * S-C(l) 1.97(5)· 
C(33)-C(34) 1. 432 (21) * N (311 -c (421 1. 29 (2) .. S-C(4) 1.85(5) 
C(51)-C(52) 1. 505 (23) * N (Sll -c (621 1"21(3) .. C(l)-C(2) 1.15 (5) 
C(53)-C(54) 1.456 (22) * N (71) -c (821 1.40(3) 1.32 (9) C(2)-C(3) l.~p (5) 
C(71)-C(72) 1.459 (23) .. c (22) -0 (10) 1.234 (24) .. C(3)-C(4) 1.27(4) 
C(73)-C(74) 1.499 (22) 1.458 {33) C(42)-0(30) 1.245 {19) * 
C(12)-C(13) 1.394 (20) * C (62) -0 (SO) 1. 257 (29) * 
C(32)-C(33) 1.372 (22) * C(82)-0(70) 1.275 {22) 1.253 (18) 
C(S2)-C (53) 1. 388 {21) * 
C(72)-C{73) 1.371(23) 1.381(12) 
N 
a 0\ 
E.s.d.'s for bonds involving atoms constrained in rigid groups not calculated. 
-+=>-
265. 
Table 4.16: , Bond angles (in °) for polymeric- (Fe (TpivPP) (OH2) J •THT 
Atoms Anglo Average Atoms Angle Average Atoms Angle Average 
N(l0)-Fe-N(30) 88,8(5) C(32)-C(33)-C(34) 107.7 (15) N(51)-C(62)-0(50) 115(3) 
N(10)-Fe-N(70) 89.3(5) c (51)-c (52) -c (53) 102,4 (17) N(71)-C(82)-0(70) 117(2) 118 (4) 
N(30)-Fe-N(50) 88.8(5) C(52)-C(53)-C(54) 110,8(17) N(ll)-C(22)-C(23) 121 (2) 
N(50)-Fe-N(70) 88,9(5) 89,0(2) C(71)-C(72)-C(73) 107.1 (17) N(31)-C(42)-C(43) 118.7(19) 
N(10)-Fe-N(SO) 164.0(5) C(72)-C(73)-C(74) 108.2 (16) 106.7(34) N(Sl)-C(62)-C(63) 131(2) 
N(30)-Fe-N(70) 164.5(6) 164.3(6) C(l4)-C(l5)-C(l6) 116.4 N(71)-C(82)-C(83) 120,5(17) 122.8(6) 
. N (10) -Fe-0 (1) 83,0(6) C(31)-C(l5)-C(l6) 117.2 0(10)-C(22)-C(23) 122. (3) 
N(JO)-Fe-0(1) 83,6 (5) C(34)-C(35)-C(36) 116.1 .. 0(30)-C(42)-C(43) 117.4(17) 
N(SO)-Fe-0(1) 81.1 (6) C(51)-C(35)-C(36) 119.6 0(50)-C(62)-C(63) 112 (3) 
N (70) -Fe-0 (1) 81.0(6) 82.2(13) C(54)-C(55)-C(56) 118.2 0(70)-C(82)-C(83) 122(2) 118(5) 
N(lO)-Fe-0(30)' 93,3 (5] C(71)-C(55)-C(56) 115.6 C(22)-G(23)-C(24) 111(2) 
N(30)-Fe-0(30)' 101.6 (5) C(74)-C(75)-C(76) 115.2 C(22)-C(23)-G(25) 110(2) 
N(50)·-Fe-0(30)' 102.7(5) C(ll)-C(75)-c(76) 120.1 117.3 (18) C(22)-C(23)-C(26) 109(2) 
N (70) -Fe-0(30)' 93.8 (5) 98 (5) C(l4)-C(15)-C(31) 126.2 (14) C(24)-C(23)-C(25) 104 (2) 
0(1)-Fe-0(30)' 173.6(6) C(34)-C(35)-C(51) 124.2(15) C(24)-C(23)-C(26) 110(2) 
Fe-0(30)'-C(42)' 160.3(13) C(54)-C(55)-C(71) 126.2(17) C(25)-C(23)-C(26) 113 (2) 
Fe-N(l0)-C(11) 125.5 (11) C(74)-C(75)-C(ll) 124.5 (15) 125.3(11) C(42)-C(43)-C(44) 108.5(17) 
Fe-N(10)-C(14) 128.1 (11) C(15)-C(l6)-C(l7) 120.0 C(42)-C(43)-C(45) 106.8(16) 
Fe-N(30)-C(3l) 126.5 (10) C(15)-C(l6)-C(21) 119.9 C(42)-C(43)-C(46) 109.5(17) 
Fe-N(30)-C(34) 127.2 (11) C(35)-C(36)-G(37) 119.8 C(44)-C(43)-C(45) 108.6(18) 
Fe-N(50)-C(51) 125.0(12) • C(35)-C(36)-C(41) 119.8 C(44)-C(43)-C(46) 114.9 (17) 
Fe-N(50)-C(54) 126.0(12) C(55)-C(56)-C(57) 119,7 C(45)-C(43)-C(46) 108,2(18) 
Fe-N(70)-C(71) 125.3(12) C(55)-C(56)-C(61) 120.2 c (62) -c (63) -c (64) 105(2) 
Fe-N(70)-C(74) 126.2 (11) 126,2(10) C(75)-C(76)-C(77) 120.7 C(62)-C(63)-G(65) 107(2) 
C(11)-N(10)-C(14) 105.7(12) C(75)-C(76)-C(81) 119.2 . C (62).-C (63) -c (66) 117 (3) 
C(31)-N(30)-C(34) 106,1(13) N(11)-C(21)-C(20) 121.6 C(64)-C(63)-C(65) 109(2) 
C(51)-N(50)-C(54) 108.6(14) N(ll)-C(2l)-C(16) 118.4 C(64)-C(63)-C(66) 107 (2) 
C(71)-N(70)-C(74) 108.1 (14) 107.1(14) N(31)-C(41)-C(40) 120,6 C(65)-C(63)-C(66) 111 (2) • 
N(10)-C(l1)-C(l2) 109.0(15) N(31)-C(4~)-C(36) 119.1 C(82]-C(83)-C(B4) 108.0(17) 
N(l0)-C(14)-C(13) 111.8 (15) N(51]-C(61)-C(60) 125.1 C(82)-C(83)-G(85) . 107.0(17) 
N(30)-C(3l)-C(32) 111.8 (14) N(51)-C(61)-G(56) 114.9 C(82)-C(B3)-C(86) 104.1(16) 
N(30)-C(34)-C(33) 110.1 (15) N(71)-C(81)-C(80) 122.5 C(84)-G(83)-C(85) 114.8(20) 
N(50)-C(51)-C(52) 110.7(16) N(71)-C(81)-C(76) 117.3 C(84)-C(83)-C(86) 111..8 (16) 
N(50)-C(54)-C(53) 107.6(15) C(21)-N(11)-C(22) 127.1 C(85)-C(83)-C(86) 110.5 (18) 109.4 (33) 
N(70)-C(71)-C(72) 109.6(17) C(41)-N(31]-C(42) 126,3 • C(1)-S-C(4) 86.9 (17) 
N(70)-C(74)-C(73) 107 .o (15) 109.7(18) C(6l)-N(51)-C(62) 137.2 S-C(l)-C(2) 108(4) 
C(l1)-C(12)-C(l3) 110.9(17) C(81)-N(71)-C(82) 132.1 130(5) S-C(4)-C(3) 108(4) 
C(l2)-C(13)-C(l4) 102.5(16) N(11)-C(22)-0(l0) 117 (3) C(l)-C(2)-C(3) 118(5) 
C(31)-C(32)-C(33) 104.2(14) N(31)-C(42)-0(30) 124(2) C(2)-C(3)-C(4) 114 (4) 
"l':.D.d. 's for bond angles involving atoms constrained in rigid groups not calculated, 
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contacts involve pivalamide oxygen atoms. With the exception 
of the coordinated pivklamide oxygen atom 0(30) ~whose thermal 
motion is very much less than that for other amide oxygen 
atoms (Table 4.14, Figure 4.25), these atoms are afflicted 
with high and anisotropic thermal motion which could indicate 
irresolvable disorder. Loose packing with solvate molecules 
as lattice "fillers" and consequent high thermal motion of 
the pivalamide groups is a general feature of the "picket 
fence" porphyrin derivatives so far structurally characterised. 
The terminal methyl groups and the oxygen atoms of the "pickets" 
are generally the worst affected. In this structure (as in 
the others) high thermal motion of the solvate species is 
observed; an extremely large RMS component of thermal dis-
placement for the sulphur atom together with some abnormally 
short interatomic separations indicate that irresolvable 
conformational disorder is likely. 
The Fe-0(30)' vector is canted 6.7° to the normal. to 
the porphinato plane and the Fe-0(30)1-C(42) 1 angle is 1~0(1) 0 • 
This angle is considerably more obtuse than the expected 
angle of 120° for an sp 2-hybridised oxygen atom. The packing 
constraints in linking two Fe(TpivPP) units are best apprec-
iated by inspection of Figure 4,25. Non-hydrogen1 inter-
o 
Fe(TpivPP) unit contacts less than 3.75 A are listed in 
Table 4.17. 
Table 4.17 
Atoms Distance 
Fe ••• C(42)'a 3.420(20) 
s .... c (;26) 4.08(3) 
S ••• N(31) 4.10(3) 
s . . ,c (78) 3.87 
c (1) ••• 0 (10) 3.53(4) 
c (2) ••• c (45) 3.71(5) 
c (3) ••• 0 (50) 3.32(5) 
c (4) ••• 0 (50) 3.48(5) 
0 (1) .•• Fe 2.897(19) 
0 (1) ••• c (25) 2.94(3) 
0 (1) ••• c (64) 3.05(4) 
0(1)~ •• N(70) 3.29(2)· 
0 (30) ' .•• N (10) 3.107(19) 
0 (30) ' ••• N (70) 3.139(19) 
0 
Non-hydrogen inter-Fe(TpivPP) unit contacts (<3.75 A) 
for polymeric-[!e(TpivPP) (OH2 )]·THT. 
Atoms Distance Atoms 
0 (30) ' ••• N (30) 3.328(18) c (45) .•• 0 (70) 
0(30) ' ••• N(SO) 3.362(19) c (46) •.. 0 (70) 
0 (30) ' ••. c (52) 3.61(2) C(53) ••• C(l7) 
0 (1) .•• N (SO) 3.29(2) c (72) ••. c (20) 
0 (1) ••• N (10) 3.34(3) 0 (50). •. C (37) I 
0 (1) ••• N (30) 3.37(2) 0 (SO) .•• C (38)' 
0 (1) ••• c (85) 3.49(2) c (39) .•. c (77)' 
C (35). • • C (44) I 3.63(3) C (40) ••• 'C(ll)' 
N (30) •.• C (44)' 3.72(2) c (2) .•. c (57) 
c (34). • • C (44) I 3.57(3) c (65) .•. c (58) 
N (SO) ••• C (45)' 3.57(3) c (32) .•. c (58)' 
C(54) ••• C(45) I 3.69(3) c (59) ••. c (80) 
c (72) •.. 0 (10) 3.65(3) c (32) .•• c (59)' 
c (73) ••• 0 (10) 3.30(3) c (59) ... c (79) 
a Primed atoms belong to the same polym'eric chain as the unprimed atoms. 
Distance 
3.73(3) 
3.50(3) 
3.49 
3.74 
3.38 
3.29 
3. 72 
3.69 
3.61 
3.64 
3.73 
3. 72 
3. 72 
3.74 
N 
0\ 
-..J 
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The second notable feature is the existence of large 
rotations of the phenyl groups from perpendicularity to the 
porphinato plane; the rotations range from 16.4° to 25.0°. 
These rotations are considerably larger than those observed 
for the two dioxygen adducts of "picket fence" porphyrin 
derivatives described in §4.2 and §4.3; the rotations are 
6.8° and 12.1° for Fe(TpivPP) (1-Me-imid) (0 2) and they range 
from 7.7° to 16.6° for Fe(TpivPP)(THT) (0 2). Large deviat-
ions from perpendicularity are not unique; for Mn(TPP) (py)Cl 
a rotation angle ' 0 of 30.2 . b d332 1s o serve . While 
this,in part,accounts for the absence of close contacts 
between Fe(TpivPP) units, particularly between the methyl 
groups of the linking "picket" and the porphinato planetit 
does lead to close intra-Fe(TpivPP) unit contacts. For 
0 
example the N(71)· .. c(ll) separation is more than 0.2 A 
shorter than any such corresponding contact for Fe(TpivPP)-
(1-Me-imid) (0 2). Some selected intra-Fe(TpivPP) unit 
contacts may be found in Table 4.18. 
In contrast to the other "picket fence" porphyrin 
derivatives, two of the ~mide groups comprising atoms N(ll), 
C(22), 0(10), C(23) and atoms N(31), C(42), 0(30), and C(43) 
no longer maintain even approximate coplanarity with their 
host phenyl group. Planarity of the amide group is approx-
imately maintained although amide group Piv-51 which has 
0 
the anomalously short N(51)-C(62) separation of 1.21(3) A 
shows the greatest departure from planarity. Tables 4.19 
and 4.20 list selected least-squares planes and their 
dihedral angles. 
Table 4.18 
Atoms 
c (17) •.• c (14) 
C(l7) ••• C(l3) 
c (21) ••• c (31) 
C(21) •.• C(32) 
c (37) .•• c (34) 
c (37) ... c (33) 
c (41) ••. c (52) 
c (41) ••• c (51) 
C(57) ••• C(54) 
c (57) •.• c (53) 
c (61) •.. c (71) 
c (61) •.• c (72) 
c (77) ••• c (74) 
c (77)_ •.. c (73) 
c (81) ••• c (11) 
C(81) ••• C(l2) 
Selected, non-hydrogen intra-Fe(TpivPP) unit 
contacts for polymeric-[Fe(TpivPP) (OH )] ·THT. 
0 2 
Distances in A. 
Distance Atoms Distance 
3.22 N (ll) ••• C (31) 3.16(3) 
3.28 N(ll) ••• C(32) 3.24(3) 
3.17 N (31) •.. C (52) 3.10(2) 
3.19 N(31) ••• C(51) 3.17(2) 
3.15 N(51) •.• C(71) 3.05(3) 
3.23 N (51) ..• C (72) 3.15(3) 
3.07 N(71) .•• C(ll) 3.05(3) 
3.14 N (71) ••• C (12) 3.19(3) 
3.14 
3.24 
3.17 
3.24 
3.12 
3.17 
3.14 
3.22 
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Table 4.19 Selected least-squares planes (unweighted) for polymeric-[Fe(TpivPP) (OH2l). 
Name of Plane Equation of Plane b Atoms in Plane 
0 3 
Ax + By + Cz - D • 0 Displacements of Atom from Plane (A x 10 ) 
(Coeff x 104) 
A B c D 
:r -6641 -2505 ~7044 -34677 See Figure 4.27 
IJ: -6673 -2545 -6999 -34365 N(10) N{30) N(50) N(70) 
-004(13) 004 {12) -004(13) 004(14) 
Pyrro1e-10 -6599 -2516 -7060 -34708 N(10) C(ll) C(12) C(13) C(14) 
012 (13) -014 {17) 010{18) -003 {16) -006(16) 
Pyrrole-30 -6902 -1924 -6976 -29644 N(30) C(31) C(32) C{33) C(3<:) 
-004 {12) 016 (16) -022 {18)· . 020 {18) -011 (17) 
Pyrrole-50 -6352 -2504 -7306 -33700 N(50) C(51) C(52) C{5~) C{54) 
-002 {13) 001(17) 000{19) -001(17) 002 {18) 
Pyrrole-70 -6766 -2875 -6779 -35058 N{70) C(71) C(72) C(73) C(74) 
003 {14) -007(20) 009 (19) -007(19) 002 (17) 
Phenyl-16 1924 5830 -7893 15597 C(l6) C(17) C{l8) C{19) C(20) C(21) 
oc 0 0 0 0 0 . 
Pheny1-36 2713 -7860 -5556 -58406 C(36) C(37) C{36) C(39) C(40) C(41) 
oc 0 0 0 0 0 
Phenyl-56 5348 7739 -3392 36434 C(56) C(57) C(58) C(59) C(60) C(61) 
oc 0 0 0 0 0 
Pheny1-76 8811 -4685 -0640 -22515 C{76) C{77) C{78) C(79) C(SO) C(81) 
oc 0 0 0 0 0 
Piv-11 1114 -<>926 -9894 -61421 N(ll) C(22) 0{10) C(23) 
007{16) -022 (26) 008{29) 007(28) 
Piv-31 -3510 -9192 -1786 -99765 N(31) C(42) 0(30) C(43) 
006(15) -016 {18) 006(12) 004(23) 
Piv--51 2195 9134 -3428 24154 N(51) C(62) 0(50) C(63) 
027 (21) -068 (33) 020(29) 021 (21) 
Piv-71 -8609 4932 -1249 8710 N(71) C(82) 0(70) C(83) 
003(15) -009(23) 003(20) 003(19) 
a Displacements of atoms are from a fixed plane a:"ld hence the accompanying e.s.d. 's are derived only from the •3.s.d. '": in N 
-..J 
positional coordinates of the atoms. 0 
b 0 The coefficients are relative to an orthogonalised Angstrom coordinate system and were calculated using program 
MEANPLANE (M.E. Pippy, E. R. Ahl:>ed). 
c Constrained to be planar. 
Table 4.20 
0 
.....; 
I 
QJ 
.....; 
0 
H 
H 
H :;:..., 
H H p., 
I 
-
0.4 0.3 
II - 0.7 
Pyrrole-10 -
Pyrrole-30 
Pyrrole-50 
Selected dihedral angles between least-squares planes for polyrneric-[Fe(TpivPP) (OH2)]. 
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3.7 2.2 2.7 I I - 73.6 65.9 108.1 115.0 . 49.7 53.9 
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3.9 1.9 2.9 Phenyl-36 - 106.0 50.0 - 43.2 
- s.o 5.6 Phenyl-56 - 82.5 - -
- 4.4 Phenyl-76 
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-
.....; 
1.[) 
I 
:> 
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p., 
97.7 
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The third feature is the semi-coordinated water 
0 
molecule located 2.90(2) A from the iron centre. This 
molecule also indulges in ~orne rather close contacts with 
0 
pivalamide methyl groups; the closest approach is 2.94(3) A 
(see also Table 4.17). Hydrogen bonding to methyl hydrogen 
atoms is implausible. Slight positional disorder for both 
the water molecule and carbon atoms, which may be inferred 
from the high thermal motion of both species, would lengthen 
these contacts to a more acceptable van der Waals separation 
0 0 
of 3.3 A to 3.4 A., The water molecule makes no contacts 
0 
shorter than 4.4 A with solvate molecules or other Fe(TpivPP) 
. units. In contrast to the Fe-0(30)' linkage, the Fe-OH 2 
linkage is approximately perpendicular to the porphinato 
plane. 
The final feature concerning the packing of Fe(TpivPP) 
units is the angle that vectors of the type C(15)-C(16) ... C(l9) 
make with the porphinato plane. This is best understood by 
inspection of Figure 4.27. It can be seen the three of the 
pivalamidephenyl groups tilt inwards towards each other 
while the other ''picket", the linking "picket", tilts outwards. 
For the structure of Fe(TpivPP) (THT)(0 2) an opposite pattern 
is observed (Figure 4.24). This tilting of the pivalamide-
phenyl groups is accompanied by a non-systematic or non-symm-
etrical disposition of the pyrrole rings with respect to each 
other and to the porphinato plane. On the other hand, for 
Fe(TpivPP) (1-Me-imid) (0 2), all "pickets" tilt outwards, and 
the porphinato skeleton is "fuffled". For polymeric Fe(TpivPP) 
this tilting may be associated, to some extent, with the 
doming of the porphyrin. 
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-809{.~1) -585(18)' 
··. OltOC18)-029C1S) ··· 
-3·;·iH20) I \ -229{,.{. 
~ --009(17) 019\6) / 
C {75) ~31<1y -..._C{15) 
;-067(171 NVOl -P29(15l\ 
- 0 2 2( 17) 0 0 4 (16) 
-072{19) \ I --:::108(18) 
/ 04H14l N {70)- Fe N (30) 05 e02l 
I 329(3) \ -019(1~ . ;Jl32C1S) 
031 (20) 028<17) 
\010 <17l N {50) 013<161/ 
c (55)~ /o53<1~ __ c (35) 
/ 025t1s> .. 025(17) . . ~ 
-o7~<26l \ j os9 o .. ~~-. 
-268 {£~·; -032{17)-oo033{19) 2~7 {19) 
Figure 4.27 : Deviations of atoms from the least~squares plane of the 24-atom 
porphinato skeleton for polymeric- [Fe (TpivPP) ·(OH )] . The 
. 2 
direction of the "pickets" is dmmwards into the page. 
. • 0 3 
D1stances 1n A x 10 . 
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For this polymeric Fe(TpivPP) structure, the enclosing 
of the binding pocket caused by the inwards tilting "pickets" 
1s counterbalanced to some extent in the rotaiions of the 
amide groups from coplanarity with their respective host 
phenyl groups. 
Conformation of Porphinato Skeleton 
While the individual pyrrole rings are planar, a 
feature shared by all porphinato complexes 191 , the relative 
orientations of the pyrrole rings do not follow a systematic 
. h 11 1 . 191 pattern, 1n contrast to many ot er meta oporp1yr1ns . 
The maximum deviation of a porphinato atom from the mean 
0 
plane of the 24-atom porphinato core is 0.108(18) A 
0 
(Figure 4.27). The iron atom is displaced 0.329(3) A from 
this plane. 
The four porphinato nitrogen atoms form a planar 
0 
group - the maximum deviation is only 0.004(14) A. 
0 
iron atom is displaced 0.281(3) A from this plane. 
The. 
There 
is therefore a modest doming of the porphinato core of 
~o.os ~ (0.329 minus 0.281 ~' as defined by Hoard191). 
As noted in a previous paragraph packing effects 
preclude the more usual adoption of a symmetric pattern of 
rotations of the pyrrole groups. 
The Metal-Ligands Separations 
It is illumin~tirtg to consider the geometry of the 
metal-coordination in terms of the occupancy of metal 3d 2 2 
and 3d 2 2 orbitals. Being a high-spin iron(II) complex X -y 
the electronic configuration in the valence shell is 
275. 
(3d ) 2 C3d ) 2 (3d z) 1 (3d 2 2) 1 . xy xz,yz z x -y 
This compound will firstly be considered as a strictly 
five-coordinate species; and then possible perturbations 
induced by the water molecule will be examined. 
In Figure 4.28 the relationship between the occupancy 
of the metal 3d 2 2 orbital and the M-N h separation 
x -y porp 
is illustrated. Several features may be noted:-
1. With the lobes of the 3d 2 2 orbital aligned so as X -y 
to eclipse the M-Nporph bonds, 
centering of the metal ion in the porphinato plane is 
discouraged for a (3d 2 2) 1 configuration. · Accordingly, X -y 
in such species the iron atom is substantially displacea 
from the plane of the porphinato nitrogen atoms. Absence 
of the 3d 2 2 electron leads to a much smaller out-of-plane 
X -y 
displacement - this is best illustrated by the pair of 
complexes Mnii(TPP) (1-Me-imid) 333 where the 3d 2 2 orbital X -y 
. III 335 is singly occup1ed and Mn (TPP) (N3) where the 3dx2-y2 0 
orbital is empty; a reduction in r(M ... Ct) of ~0.29 A 
acc.ompanies the loss of the 3d 2 2 electron. X -y 
2. A high-spin metal centre has a larger radius than its 
low-spin counterpart (if it exists). The resultant longer 
M-Nporph separation is accentuated if the 3dx2-y2 orbital 
3d 2. 2 
X-Y 
3d 2 
z 
3d 
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3d 
xy 
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-f-
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Figure 4.28 3d 2 2 orbital occupancy and metalloporphyrin stereochemistry. X~ 
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is occupied. Consequently the M-N h separation and porp 
the Ct ... Nporph radius are greater than the value of 
0 
2.01 A 
which has been postulated 243 as the ideal Ct ... N h porp radius 
or M-N h separation (if the metal atom is centred in the porp 
plane of the porphinato nitrogen atoms. 
Increased ionic change on the ·metal centre leads to 
a contraction of d orbitals and to a marked decrease in the 
metal radius (r(Fe 2+) = 0.74 ~' r(Fe 3+) = 0.64 ~ 336 )which 
mitigates the presence of the 3d 2 2 electron. 
x.-y This is 
illustrated on the pair of complexes Fe(TPP)(2-Me-imid) and 
\ 
Feiii(TPP) (N3). Certainly, however, for iron(II) and 
manganese(II) complexes a long M-Nporph separation and an 
expanded Ct-N h radius are observed. porp 
It must be stressed that the presence of a 3d 2 2 
X -y 
electron is not completely inimical. to an in-plane position-
ing of the metal centre; in [Sn(TPP)Cl 2] the tin atom is 0 245 
rigorously in-plane and r (Ct ... N ]~ is 2. 098 (2) A porp 1:' 
Polymeric-Fe(TpivPP) exhibits both characteristics- a sub-· 
stantial out-of-plane displacement of the iron atom, long 
0 
r (Fe-N h) (average separation 2. 07 porp 
0 
A) and an expanded 
radius (average r (Ct ... N h) 2. OS A ) . porp 
Fig.ure 4.29 illustrates the M-1 separations of a ax ·· 
number of amine-based metalloporphyrins for metal centres 
both with and without a 3d 2 electron. 
z 
As before such 
complexes have a nu~ber of distinguishing features:-
1. With the lobes of the 3d~2 orbital axially aligned, 
I 
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Figure 4.29 3dz2 orbital occupancy and metalloporphyrin stereochemistry. 
.N 
-...:] 
co 
strong axial ligation and short M-Lax separations are 
discouraged for (3dz2) 1 configurations; especially for 
six-coordinate species where there is no facility for the 
3d 2 electron to be concentrated as a phantom sixth ligand 
z 
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trans to the fifth ligand. Strong binding of axial ligands 
is accompanied by L ... N h separations less than expected 
ax porp 
van der Waals contacts. Loss of the 3dz2 electron 
II I . + from Co(TPP) (pip) 2 to give Co (TPP) (p1p) 2 results in a 0.38 
0 
A reduction in r(Co-N . ) . plp 
2. As a corrollary to the previous point, five-coordinate 
complexes achieve van der Waals separations by a 
combination of the M-Lax separation and the M ... Ct displace-
ment. This is illustrated in the pair of complexes Hniii_ 
(TPP)(N 3)
335 
and Mniii(TPP) (N3) (CH30H)
337 
where the coordin-
o 
ation of methanol is accompanied by a decrease of 0.145 A in 
0 
r(Mn ... Ct) and an increase of 0.131 A in r(Mn-NN
3
); the 
NN
3
". Nporph separation is preserved. 
0 
With values for r(Fe-0) of 2.22(1) A and for r(Fe ... Ct) 
0 
of 0.281(3) A, the Nporph"'O separations are in the range 
0 0 
3.11 A to 3.37 A; not much smaller than expected van der 
Waals separations. That the Fe-0-=C( bond angle is 160 (1) 0 , 
instead of approximately 120° for an sp 2-hybridised oxygen 
atom, minimises the contacts made by 
. , .. 
atom C(42) with the 
porphinato plane. 
The closest analogue of polymeric-Fe(TpivPP) is 
Fe (TPP) ( 2- Me- imi,d) . The longer Fe-1 separation and ax 
shorter Fe ... Ct displacement for the former species are 
cons is tent with the weaker donor power of a 0= c( 1 igand 
compared to an N~ligand and with the smaller steric require-
ments of a nearly linear Fe-O=C~entity compared with the 
sterically bulky 2-methylimidazole ligand. 
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So far the water molecule near the iron atom has been 
ignored. Using an i6n-dipole model Hoard has calculated 
that the stabilising energy of the Fe-OOH bond for an inter-
2 
0 
atomic separation of 2.90 A still amounts to 58% of that for 
separation of 2.22 
0 237 The N h". 0oH separations a A . porp 2 
are quite similar to the N 1 ... o0 C/ separations. Water porp 1 = , 
is therefore considered to be semi-coordinated. In the 
absence of the structure of dehydrated polymeric-Fe(TpivPP) 
it i~ unfortunate!~ impossible to gauge, even qualitatively, 
the perturbations in r(Fe-0) and r(Fe ... Ct) induced by the 
water molecule. All that may be said is that r(Ct ... O) will 
be essentially unaffected by the presence or absence of water 
for this high-spin complex, in an entirely analoguous fashion 
to the pair of complexes Mn 111 (TPP) (N3) and Mn(TPP) (N 3) (CH 30H). 
This polymeric complex has,therefore)a number of novel 
features in relation to other structurally characterised 
metalloporphyrins. It has an amide oxygen atom coordinated 
to a metalloporphyrin; it has water semi-coordinated; it is 
the only high-spin six-coordinate iron(II) complex; o~ if 
preferred, it is only the second five-coordinate iron(II) 
complex; it is the only five- or six-coordinate metal(TI)porphyrin 
that has , non-amine axial ligation. 
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4.4.4 Biological Implications 
Shulman and coworkers have used this complex as a 
model for deoxyhaemoglobin 295 Using extended X-ray 
absorption fine structure (EXAFS) spectros~op~ they deduced 
0 
an Fe-N h separation of 2.06(2) A for both this polymeric porp 
compound and for deoxy-Hb. Analysis of the EXAFS spectrum 
depended upon a knowledge of the shorter Pe-L separation. 
ax 
However, Fe(TPP) (2-Me-imid) is a more appropriate model for 
deoxy-Hb, notwithstanding the steric demands of the 2-methyl 
substituent on the imidazole ring. The displacement of the 
iron atom from the plane of the porphinato nitrogen atoms is 
0 0 
0.42 A for Fe(TPP) (2-Me-imid) and 0.28 A for polymeric-Fe-
(TpivPP). But r(Ct .... N 1 ) is similar in both complexes porp 1 
and hence the large difference in out-of-plane displacement 
of the iron atom is not reflected in· r(Fe ... N h) (see porp 
Figure 4 .2.8) EXAFS spectroscopy is, therefore, presently of 
limited use in obtaining the out-of-plane displacement of the 
iron centre in deoxy-Hb and Hb0 2 ; this parameter has been of 
great significance in discussions on the cooperative binding 
of dioxygen to haemoglobin. EXAFS studies on Hb0 2 and 
Fe(TpivPP) (1-Me-imid) (0 2), discussed previously in §4.2.6, 
also produced concordant values of r(Fe-Nporph) for the protein 
and its model. 
The presence of a water molecule in the binding pocket 
of Fe(TpivPP) is noted with regard to the rather surprising 
discovery that the binding pocket of the a chains of deoxy-Hb 
contain a water molecule 150 . This finally dispelled long-held 
\ 
notions of a hydrophobic binding pocket. The water moletule 
0 / 
is hydrogen-bonded to the distal histidine and is 3.6 A from 
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the iron centre. Any interaction of the water molecule 
with the metal centre is consequently very much weak~r than 
that which occurs for polymeric Fe(TpivPP), but the water 
molecule may still affect the reversible and cooperative 
binding of dioxygen by haemoglobin. 
4.5 Comparison of the Three "Picket Fence" Porphyrins 
The bulky but flexible pivalamide "pickets" dominate 
the crystallography of these three "pic.ket fence" porphyrin 
derivatives. Rather loose packing and the presence of 
generally poorly defined solvate molecules as lattice "fillers" 
are coupled with high crystal mosaicity and/ or twinning and 
rapid fall-off of intensity with increasing values of sine/A .. 
The "pickets" invariably have very high thermal motion and, 
in one case, disorder of the methyl groups is observed. 
In all "pickets". except for the linking "picket" in the 
polymeric-Fe(TpivPP) structure, high thermal motion is 
observed for the carbonyl group. Rotations about bonds of 
the type C(21)-N(ll) and N(ll)-C(22) leave the terminal 
methyl carbon atoms relatively fixed by comparison with th~ 
movement that is induced in groups of the C(22)-9(10) type -
a movement similar to the "twist". The amide oxygen atoms 
are worst affected with components of thermal displace-
0 
ment of up to 0.61 A being observed. However, when an amide 
oxygen atom is coordinated, as occurs in polymeric-Fe(TpivPP), 
the eccentricity of thermal motion for that atom (and also 
for its attached carbon atom) is very much less. 
For the three complexes,the pivalamide-phenyl groups 
do not exhibit a constant orientation. The twist of the 
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phenyl groups from perpendicularity to the porphinato plane 
varies; similarly coplanarity of the amide groups of the type 
N(ll), C(12), 0(10), C(23) with their respective host phenyl 
groups is not observed in all cases. There is also consider-
able variation in the tilting of the "pickets" inwards and 
outwards from the centre of the porphinato skeleton (see 
Figures 4.18, 4:24 and 4.27). For Fe(TpivPP) (1-Me-imid)-
(0 2) both "pickets" lean outwards and this is coupled with 
a pseudo-symmetrical "ruffled" conformation of the pyrrole 
rings of the porphinato core. Three of the four "pickets" 
in Fe(TpivPP) (THT) (0 2) lean outwards but in polymeric-Fe-
(TpivPP) the opposite is observed; in both cases a non-
symmetrical arrangement of the pyrrole rings is observed. 
Crystal packing effects, and, in the case of polymeric-Fe-. 
(TpivPP), doming of the porphinato skeleton are presumably 
responsible. 
The relative depths of the binding pockets for the 
three complexes are of interest. The depth is defined as 
the mean displacement of the pivalamide methyl carbon atoms 
0 
from the porphinato plane. It is 5.05 A for Fe(TpivPP) (1-Me-
o 
imid) (0 2), and 5. 01 A for Fe (TpivPP) (THT) (0 2), but for 
polymeric-Fe(TpivPP), where there are the greatest departures 
of the phenyl groups from perpendicularity with the porphinato 
0 
plane, the depth is only 4.69 A. 
In the next chapter, further biological implications 
of the structures of model compounds are discussed in relation 
to the stereochemical model of Perutz for the cooperative 
binding of dioxygen to haemoglobin and cobalt-substituted 
haemoglobin. In Chapter 6, some semiquantitative 
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calculations on the bonding in iron- and cobalt-dioxygen 
complexes are presented and briefly discussed with reference 
to structural and physical evidence for their nature. 
CHAPTER 5 
IMPLICATIONS OF THE RESULTS ON THEORIES 
FOR THE COOPERATIVE BINDING OF DIOXYGEN 
TO HAEMOGLOBIN 
The literature on studies which relate to the 
cooperative binding of dioxygen and other molecules to 
haemoglobin and its variants is voluminous. There is a 
critical need for the vast amount of very recent, and 
sometimes conflicting, data to be assessed with reference 
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to theories for the cooperative binding of dioxygen as well 
as for other allosterk effects. 
It is not proposed to examine the immense range and 
volume of studies pertinent to the stereochemical model of 
Perutz for allosteric effects. Model compounds have indic-
ated the general nature of the changes in the stereochemistry 
of the protohaem group that are to be expected as a res~lt of 
ligation. But there are difficulties in relating quantitat-
ively the results of model studies to the protein. Attention 
has been focussed on the axial connection and the movement of 
the proximal histidine as the initiator of the cooperative 
binding of dioxygen, but the changes in the conformation of 
protoporphyrin-IX and hence changes in the globin-protopor-
phyrin-IX non-bonded interactions may be equally important. 
This is discussed in §5.2 which is essentially an update of 
1 . . . 1 d" . 155-160,191,206,353 I 5 1 l ear 1er s1m1 ar 1scuss1ons . . n § • on y 
a v~ry brief introduction to the allosteric properties of 
haemoglobin is provided since a number of detailed reviews 
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. t158,159,354 eX1S , A11ostery is not unique to haemoglobin 
although haemoglobin is the most widely studied example of 
an allosteric protein. 
5.1 Allosteric Properties of Haemoglobin 
The cooperative binding of dioxygen to haemoglobin is 
but one of a number of Allosteric properties of haemoglobin. 
These effects may be divided into two classes 153 :-
1. Homotropic effects pertain to the. interactions between 
identical ligands. The influence that the binding of one 
molecule of dioxygen to haemoglobin has on the binding of 
another molecule is one example, redox properties is another. 
These effects are also known, somewhat misleadingly since 
0 
with the haems separated by more than 25 A the interaction 
is indirect, as "haem~haem" interactions. 
2. Heterotropic effects pertain to the interactions 
between different ligands. For example, the "allosteric 
effector" 2,3-diphosphoglycerate (2,3-~PG),.which binds to 
deoxyhaemoglobin between the two S chains, 355 , 356 but which 
does not bind significantly to oxyhaemoglobin, modifies the 
oxygen-binding properties of Hb. 
An acceptable theory for the cooperative binding of 
dioxygen must be able to accommodate heterotropic effects 
without additional ad hoc assumptions. The cooperative 
binding of dioxygen is described empirically by the Hill 
equation 
= 
where y 1s the fractional saturat:ion, K is a constant, P 1s 
the partial pressure of oxygen and n is a measure of 
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cooperativity. For n=1 there is no interaction; that is 
haemoglobin behaves like four isolated myoglobin molecules. 
For n=4 it is an "all or none" situation. 
globins n is in the range 2.7 to 2.9 152 
For normal haemo-
The macroscopic 
thermodynamic properties of oxygen binding may be approached 
from two directions. 
Firstly, there is the "sequential" model of Koshland, 
Nemethy and Filmer 154 . The binding of dioxygen to one 
subunit initiates tertiary structural ch~nges which are 
transmitted to other subunits and thereby modify their oxygen 
affinity. 
Secondly, there is the "allosteric transition" model 
153 of Monod, Wyman and Changeux Haemoglobin exists in a 
conformational equilibrium between two (or at le~st two) 
quaternary structures. One has a low oxygen affinity -
the tense (T) structure - and the other has a higher oxygen 
affinity - the relaxed (R) structure. The binding of 
ligands shifts the equilibrium towards the R structure but 
in each quaternary structure the affinity of one subunit is 
unaffected by the state of ligation of others (in contrast to 
the "sequential" model). In the presence of allosteric 
effectors this model must be generalised to provide a third 
quaternary state 354 . Moreover, the assumption that a and S 
subunits have identical ligand binding properties is too rigid 
354 Furthermore, the binding of dioxygen to one subunit 
causes changes in the tertiary structure of that unit. 
X-ray crystallographic studies, mainly by Perutz and 
coworkers 158 , have demonstrated the existence of two quaternary 
structures, one for deoxy-Hb and another for ligated Hb. As a 
result Perutz has developed an intricate and subtle stereo-
chemical model for the cooperative binding of ligands and 
other allosteric properties which is largely based on the 
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allosteric transition model but which also includes features 
of the "sequential" model such as the change in tertiary 
structure accompanying ligand binding 155 - 158 ,3 57-359. 
155-158 Perutz proposed that 
"the equilibrium between the two structures is governed 
primarily by the displacement of the iron atoms and the 
proximal His from the plane of the porphyr~ns, and by the 
steric effect of the ligand in the S subunits; that much 
of the free energy of haem-haem interaction (~15kJjmole 
h 360 . . h 1 . . aem )lS stored 1n t e sat br1dges wh1ch break sequent-
. 11 . h k : -158 1a y Wlt oxygen upta e." .. 
Thu~ a large displacement of the iron frbm the haem 
plane biases the allosteric equilibrium towards the T quatern-
ary structure as exemplified by deoxy-Hb, and a small displace-
ment towards the R quaternary structure, as exemplified ~y 
oxy-Hb. 
Changes in the tertiary structure of a subunit as a 
result of ligand binding are transmitted to the salt bridges 
which "lock" the structure in either the T or R quaternary 
conformation. . 157 Perutz has further proposed , and found 
f . 'd 357-359 h . h 1' ddT t con 1rmatory ev1 ence t at 1n t e un 1gan e struc ure 
the· globin "exercises· a tension on the haerrf.:158 which opposes 
movement of the iron atom into the porphyrin plane on ligation, 
and hence is responsible for the lowered affinity of T state 
haemoglobin. 
V tl G 1 . and Karplus 370 h d ery recen- y, e 1n ave propose 
that there is little strain on the unliganded protohaem; 
instead, the reduced oxygen affinity of T quaternary 
conformation results from strain on the liganded subunit, 
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through increased contacts of the now planar protohaem with 
the globin. They deduced, from energy minimisation calcul-
ations, that the unliganded protohaem was significantly 
domed, although X-ray crystal structure analyses on deoxy-Hb 
do not distinguish between a planar and a domed conformation. 
A fundamental feature of the Perutz and the MWC models 
is that a quaternary structural change on ligand binding is 
essential for that binding to be cooperative. 
have been found. 
No exceptions 
The quantitative changes in th~ histidine-haem sepa~-
ations accompanying the oxygenation of Co-Hb and Hb are 
discussed in the next section. 
5.2 Stereochemical Changes Accompanying Oxygenation 
Parameters relevant to the stereochemical changes 
accompanying oxygenation are listed in Table 5.1 for haemo-
globin, cobalt-substituted haemoglobin and their models. 
Stereochemical evidence for "tension at the haem" or 
a stretching of the histidine to porphyrin plane separation 
for deoxy-Hb is slight in view of the unavoidably low 
precision of the protein crystal structure analyses; the 
differences in P ... N .. d separations for deoxy-Hb and Fe (TPP)-
lllll 
(2-Me-imid) are ba~ely significant. 
Comparisons between the protein and its models are 
also complicated by two factors related to the stereochemistry 
Table 5.1: Possible stereochemical changes accompanying oxygenation. 
Myoglobin I Haemoglobin Fe Model Co Model a cob 1 - d,i !J.i f h deoxyc e deoxyg Deoxy !J. - aquomet deoxy oxy !J. oxy !J. 
r- (M •• ~P}j 0.55 0.1 0.45 0. 60 (10) 0.07 0.53-0.60a 0.42+0.15 -0.03+0.01 0.13+0.01 
R-
=0.55k k =0.14k 0.63(10) 0.21 o.42-0.63S =-0.02 0.57 0 0.14 
r (M-N. . d) 2.1 - - 2.0(3) 2.1 0.1 a 2.161(5) 2.07(2) 0.09 2.157 (3) 2.011(2) 0.14 
c lml 
A 2.2(3) 2.2 0.0 s 
r CNi~a·:-.P~I 2.6 - 2.6(3) 2.2 0.4-0.6 a 2.71 2.05 0.66 2.30 2.011(2) 0.29 
2. 8 (3) 2.4 0.4-0.8 s 
(a) 
(f) 
(i) 
Reference [368]; (b) reference [291}; (c) reference [150}; (d) reference [369]; (e) Fe (TPP) (2-Me-irnid) 191 • 
Fe(TpivPP) (1-Me-imid) (02 ) this work ~nd reference [11]; (g) Co(TPP) (l-Me-imid) 193 ; (h) Co(saltmen) (1-Bz-imid) (02) 124 • 
For Hbco292 resolution (2.8 ~) insufficient to determine exact iron and proximal histidine positions relative 
to porphyrin; in S chains Fe moves towards porphyrin for HbCO compared to aquomet-Hb;Nimia·· P for aquomet-Hb 
probably longer than for HbCO. 
(j) P : protoporphyrin-IX mean plane for proteins; 24-atom porphyrin skeleton for models. 
(k) Comprising: r(M .•. Ct) + r(Ct .•• P). 
(1) !J. = r (M. •• P) - r (M .•. P ) , etc. deoxy oxy 
N 
\.0 
0 
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of the porphyrin itself. Firstly, it is the mean plane of 
the protohaem, including its peripheral substituents, that 
is determined in Hb and its derivatives. But, in model 
systems, it is the mean plane of the 24-atom porphinato 
skeleton that is determined. That is, there is no identical 
reference point from which comparisons may be made. If the 
porphyrin is at all domed then comparisons of distances 
involving the porphyrin planes is hazardous. 
0 
Secondly, the doming (0.13 A) of the model compound 
Fe(TPP) (2-~1e-imid) is anomalously large by comparison with 
other metalloporphyrins where the doming parameter is typic-
a 
ally less than 0,05 A 191 . For example, in Mn(TPP) (1-Me-imid), 
where the displacement of the manganese atom from the plane of 
0 
the porphinato nitrogen atoms is much larger (0.52) A), the 
0 333 doming parameter is much smaller (0.~4 A) The doming 
in Fe(TPP) (2-Me-imid) has been attributed to packing constraints 
191 In view of the host of van der Waals contacts made by 
the globin with the protohaem, deviation of the protohaem 
from idealised s4 symmetry is also quite likely, but, since 
it has not been quantified, comparisons with the model system 
are again hazardous. 
The shortening of the histidine-protohaem separation 
(N. . d"•P) accompanying the oxygenation of cabal t- substituted 
lml 
Hb is almost certain to be modest by comparison with native 
haemoglobins (Table 5.1). A maximum movement of the proximal 
0 
histidine of 0.38 A was postulated by Ibers, Lauher and Little 
160 
rin the basis of model cobalt complexes . This may be 
0 
compared with 0.66 A for model iron systems. As a result, 
Hoard has proposed increased tension in the axial bond 
191,353 Nonetheless Co-Hb still exhibits significant 
homotropic and heterotropic effects 161 , 351 ; in particular 
the Hill constant n for dioxygen-binding is ~2.3 161 , 351 
363 and could be as great as 2.5 
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This, and a number of other results described immed-
iately below, has been interpreted as evidence against the 
stereochemical trigger for cooperativity being concentrated 
in the axial connection. 
Lengthening of the Co-N. 'd bond ln Co-deoxyHb caused lml 
by possible tension at the haem has not been detected uslng 
resonance Raman spectroscopy on Co-Hb, Co-Mb and model 
compounds 364 , 365 . Furthermore, resonance Raman studies on 
corresponding iron systems produced ambivalent results as 
regards the influence of the protein on porphyrin conform-
ation371. Redox n values for manganese-substituted Hb are 
very similar to those for native Hb 366 yet manganese (and 
also cobalt) do not undergo the change in spin state that 
may be observed for iron. 
Finally, the porphyrin (proto-, meso- and deutero- par-
phyrin-IX) exerts considerable influence·on the Hill constant 
n for cooperative dioxygen binding to iron~ and cobalthaemo-
1 b . 351 g 0 lnS. , 
Thus, the importance of the metal's out~of-plane dis-
placement and of the proximal histidine's movement in deter-
mining the cooperativity of ligation or oxidation has been 
t . d160,162,370 Ch · t h 1 b' t t ques lone , anges ln pro o aem-g o ln con ac s 
caused by transition of the protohaem from non-planar to a 
. 293. 
planar geometry have been suggested as being more important 
160,162,370 The five-coordinate distorted trigonal-bipyra-
midal complex, Co(salen-C 2H4-py), and its six-coordinate 
octahedral dioxygen adduct, Co(salen-C 2H4 -py) (0 2), provide 
an example, albeit a highly exaggerated one, of the conform-
ational changes in the macrocyclic ligand system which may 
occur on oxygenation. 
Perutz has established that deoxy-Co-Hb and met-Co-
Bb (a model for Co-Hb0 2) have the same quaternary structures 
as the corresponding native haemoglobin derivatives. 158 
And noting that for the binding of dioxygen to Co-Hb the Hill 
coefficient was less than that for native Hb, 161 , 351 and that 
the free energy of haem-haem interaction was only 32% of that 
for stripped native Hb and 43% of that for native Hb (that is 
Hb in the presence of 2,3-DPG) 364 , 367 , Perutz found the Co-Hb 
results consistent with his theory158 that changes in the axial 
connection are more important. Perutz, in his original 
formulation of the stereochemical mechanism for cooperativity, 
noted the possibility that protohaem-globin interactions were 
a factor in promoting the tertiary structural changes in the 
. 155 prote1n .. 
5.3 Concluding Remarks 
Detailed comparisons of the changes in stereochemistry 
at the protohaem on oxygenation with the corresponding changes 
for simpler model systems are not possible, although general 
trends are clear. 
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The analysis of Gelin and Karplus 370 indicates that 
the "trigger" of coopetativity effects on ligand binding may 
be associated more with changes in protohaem conformation 
than with changes in .the axial connection. Perutz's stereo-
chemical model is in no way disproved; there has merely been 
a change in emphasis with regard to the stereochemical 
"trigger" and the location of tension. 
CHAPTER 6 
BONDING IN END-ON COORDINATED 
DIOXYGEN COMPLEXES 
295. 
The geometry of the metal-dioxygen linkage is now 
precisely established for 1:1 oxygen adducts of cobalt-Schiff 
base derivatives (§3.2). 
For iron-dioxygen semiquantitative definition ~as been 
obtained (64.2). Thus the way appears open for an analysis 
of the bonding through quantum-mechanical calculations. To 
date all such calculations have been semiquantitative and 
hence they have inherent bias through using the geometry of 
these complexes as input. There have also been a number of 
exotic proposals. A large number of qualitative molecular 
orbital and valence bond schemes have been proposed. While 
their usefulness for a given complex is doubtful, they have 
proved useful in rationalising the bonding of diatomic mole-
cules (such as CO, NO and o2) to transition metals such as 
cobalt, iron and manganese. 
It is not proposed to analyse the various schemes in 
detail. The results will be briefly compared with each other 
and related to other data. In section 6.1 schemes for 1:1 
angularly bonded cobalt-dioxygen complexes are discussed and 
in §6.2 those for iron-dioxygen systems. 
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6.1 Cobalt-Dioxygen Systems 
The features of a number of semiquantitative and 
qualitative molecular orbital studies are summarised in 
Table 6.1. All schemes propose some transfer of electron 
density from the metal onto dioxygen. The scheme of Halton 
3 3 g . 1 '1 1 . h 1. 1 f 17 ES d. b 1s un 1ce y 1n t e 1g t o 0 R stu 1es on co alt-
substituted haemoglobin 213 and simpler cobalt-dioxygen species 
117-121 The more recent schemes of Fantucci and Valenti 
340 . 341 342 (FV) and Dedieu, Rohmer and Ve1llard (DRV) ' propose 
that there is little cobalt-dioxygen n bonding. Unfortunately 
neither scheme calculates ESR parameters for comparison with 
those observed for related complexes. The FV scheme indicates 
that unpaired electron density resides mainly on dioxygen with 
a small spin density of opposite sign in the cobalt 3d 2 
z 
orbital. Orbital populations were not reported. 
In the other study342 orbital populations but not spin 
densities were reported. There are a number of interest~ng 
results. One unsuspected result was that the loss of electron 
density, which can be considered as loss of 3dz2 electron 
density (Table 6.1), is partially counteracted by donation of 
electron density from the equatorial ligand. Secondly, the 
w-donor or -acceptor properties of the axial base appear to be 
of little importance. Thirdly, the change in electron density 
on the dioxygen ligand was found to be quite similar for a 
number of axial bases. These last two results may be merel~ 
a consequence of the inappropriate Co-Lax separations used in 
the calculations, and the fixed Co-0 2 stereochemistry. 
Moreover, the 0.5~ charge calculated for Co(acacen) (H 20) (0 2) 
Authors 
DRV 341,342 
rv 340 
H 339 
'l'I,. 343 
GO 
FRR 344 
CR 134(b) 
IYMJ\E 121 
IICT 345 
297. 
~~~ Summary o! theoretical atudios on tho Co---o2 linkaqo, 
(a) Scmlquantltntlvo 
System 
Lax " none, ou2 , 
!mid, CN- ,co 
Co(acacen)( (NH3) (o2) 
Cobalt-substituted 
oxyhaemoglobin 
[co (CN) 
5 
co
2
>] J-
\_ 
Typo of 
--calculation 
(i) lib initio 
LCI\0-Mo-sc~· 
(i) MO-LCA0-INDO-
UHF 
(i) SCC·-EH-MO 
F'enske-Hall 
parameter-free 
MO 
Formulntion 
population d 2 ~ 0.52 
z 
o.3;; 
(~ 
Co-o2 
spin density mostly 
on o2 (+1.08) 
small spin density:-
cc\\2) c-o.os) 
formally co1v-o-2 
-0.25 
a o.44e 
I 
Co--O 0.30 
change in electron 
distribution. 
unpaired electron 
25\ 3d, 20~ 02, 55\ -
Nporph (!) 
o.o9e 
Co--O 
0.29o 
Co~l 
0 
\ o.44e 
for [co (PR3 ) 4o2J + 
0.29 
Comments 
(i) Little co-02 or Co-L0 x 
(Lo>imid,CN) n bonding. 
(ii) e drift 1 ncncen~Co+a2 , 
Substituents on acacen 
probably of importance. 
(iii) Relationship between calc. 
611 for oxyge~~tiohynd ease 
oxidation Co ~co found. 
(iv) Bonding scheme similar to 
~IMJ\'sl21, 
(v) Stability: bent>linear>>side-on, 
(i) Bonding: mainly spin pairing 
c<tJz 2) and o 2(n•), . 
(ii) Little co-02 n bonding. 
(iii) Spin density ratio 0(3):0(4), 
+ 0.44:+0.64 - similar to ESR 
studies (§3.2.1), 
(iv) Small spin density on Co6/) 
(-O.OB), 
(i) Considerable a + n bonding 
destroys formal valence. 
(ii) 
(iii) 
Spin density on Nporph in 
disagreement with17o ESR data 
(see text). 
Porphyrin, axial base grossly 
, approximat~d. 
(iv) Predicts' CbCO more stable than cb02 • 
(l) Some " bonding ,unpaired electron 
in orbital 10\ 3dyz' 89\ n*(02) 
(ii) Bond order calc. ~1.59. 
(iii) 
(iv) 
Linear structure excluded. 
Dent-bond favoured for [co (CN) 5o 2] 
3
-
side-on bond favoured for 
[co(PR3) 4o2] + 
(b) Qualitative 
Coli -o2 (i) 
(ii) 
Only Co-02 component considered, II 
s/co2) ~ dz2 
" 11 
• (02) (-> dxz,yz 
a 
11• (o2 )~z2 
unpaired e in n*(02) 
Spin-pair~d Co (S=~)-O?(S=l) 
unpaired e in o2 (n•) orBital. 
FRR postulate that:-
w bonding Co-o2 significant; 
orthogonality of py and Co-02 planes such that C~ maximised 
and co-~L minimised. However 
crystal ~~ructure analyscsl23-125 
indicate that packing constraints 
may dominate. 
(i) Little co-o2 n bonding, 
(ii) Rationalises existence and 
geometry of co,~~.o2 complexes 
of Fe and Co 
II III - n Avoids Co -o2/co. -o2 argument by connideration of (Ho2 ) 
species where n is the oum t...) metal d and diatomic tP'" 
electrons; predicts nngular d co-02 . 
(II) Geometry co-02 moloty tnkon from 
126(n) · · Co(bzncen) (py) (02) I Co-LnX eeparntlon by analogy With related compl()XOS, 
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appears to disagree with Tovrog, Kitko and Drago's calculated 
O.le transfer of electron density from cobalt onto dioxygen19 . 
Assuming that the numbers calculated refer to an identical 
quantity, which appears reasonable, the difference is inex-
plicable. 
The calculations of Teo and Li (TL) 343 indicate signif-
icant Co(dyz)-o 2 (1r*) 7f bonding> in contrast to the FV and DRV 
schemes. The unpaired electron is in a molecular orbital 
with 3d character very similar to that calculated from the 
59c h f. 1· · 338 · h · · 1 1 · f 
· o yper-lne sp 1tt1ng us1ng t e or1g1na ana ys1s o 
Hoffman, Diemente and Basolo 62 (a). As was discussed in §3.2, 
] . 1 . h b d. d19 t11s ana ys1s as een 1spute . TL calculated a bond order 
(1.59) very similar to that deduced from infrared data. 
The semiquantitative calculations all assume, in part, 
the published parameters for Co(bzacen) (py) (0 2). Thus the 
sensitivity of the calculated orbital populations and orbital 
spin densities to the dimensions of the Co-0 2 moiety are 
unknown. Neither has the sensitivity to Co-L separations 
ax 
been tested. 
Discussion on the agreement of bonding schemes with 
structural data is somewhat hindered by the inevitable bias 
these calculations have. Nevertheless the structurally based 
III -arguments in favour of a Co -0 2 formulation, presented in 
§3.2.4, are in reasonable accord with the studies of DRv342 
and TL 343 . Unfortunately, these studies differ with respect 
to possible metal-dioxygen 7f bonding and hence the mechanism 
for the appearance of cobalt hyperfine structure in the ESR 
spectra of cobalt-dioxygen complexes. 
6.2 Iron-dioxygen Systems 
The features of a number of semiquantitative and 
qualitative bonding schemes are summarised in Table 6.2. 
Although Pauling 68 predicted the geometry of the 
iron-dioxygen linkage in oxyhaemoglobin before the advent 
of a model compound, an 0-0 single bond is implicit in 
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Pauling's formulation. 
0 
As such an 0-0 separation of ~1.46 A 
may be expected. Notwithstanding the probable disorder of 
the bonded oxygen atom in the model compound Fe(TpivPP) (1-Me-
o 
imid)(o 2), the observed 0-0 separations of 1.17(4) A and 
0 
1.15(4) A appear incompatible with a proposed separation of 
that magnitude. In answer to Weiss' Feiii_o; formulation 70 , 
Pauling proposed 6S(b) that the "oxyhaemoglobin was properly 
described as containing ferrous ion rather than ferric ... ". 
This is despite the "51% of ionic character" in the iron-
dioxygen bond which would apparently make the ferric ion 
description no less valid. These formulations differ with 
respect to the oxygen linkage; in the latter formulation the 
negative charge is riot localised on the terminal oxygen atom. 
Pauling's formulation has been recast into molecular orbital 
terminology by Hoard191 . 
H 1 I 1 • 346 h h • 1 a ton s postu at1on t at t ere 1s a two-e ectron 
donation from the protein to the iron appears to be excluded 
by the preparation of a model compound with no actual protein 
component. Another extended-Huckel calculation has also 
proposed considerable negative charge on the dioxygen ligand 
II III - . . 347 for both a formal Fe -02 and Fe -02 descr1pt1on . Both 
such descriptions could explain the distinctive Mossbauer 
parameters of oxyhaemoglobin and its model. 
Au thorn· 
l>RBV 349 
Go 340 
H 346 
(see also Table 
5.111) 
LIC 347 
Griffith 67 
Gray/Mingos 71 •301 
Weiss 70 
Pauling 68 
Harcourt 350 
CR134 (b) 
WHI\ 
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Tnblo 6, 2o Summary of theoretical otudios on tho f"o--o2 link ago, 
System 
oxyhaemoglobin 
Typo of 
Calculation 
nb initio 
LCJ\0-SCF 
nb initio 
SCC-El!-110 
Formulation 
ren-o 
2 
eloctrical~y neutral 
o.23;; {0\ 
Fe-0 
.~\ 
o.l4e 
"Fe11-0-" 
2 
Fe _ 0,/J 0. BSe 
o.b3 o.43 
Change in electron 
density distribution 
Iterative Ell 
(b) Qualitativeb 
/0 
re,b 
covalent 
0 
F Io/~2-
e -....o 
Feiii_o-
2 
iron(III)-coordinated 
superoxide 
Comments 
(i) Quasi-neutral o 2 
(H) Appreciable d,.- pn n bondln9; char.ge 
distribution on Pe deviates f2om 
symmetrical (d )2(d )2(d ) 
xy xz yz 
(iii) Interaction with a distal NJI 3 (ehist) 
repulsive, 
(iv) Stability bent Pe-o2 >> side-on. 
(v) Linear Fe-c=o calculated. 
(i) 
(ii) 
Only Fe-~~ unit considered 
5!.1!'.. Fe (S~l) o2 (S~l) 
(d 2)1 ...E_ (pt 
z 
(d r ,. (n) 1 
xz 
3-centrc 4~ bond 
as in o3 
(iii) Good agreement calc. and obs. 
Mossbauer parameters. 
(iv) For Fe-02 , triplet state 0.37eV C~3,000cm·l) above singlet g.s. 
(i) Considerdble a + n bonding destroys 
formal valence. 
(ii) 2e donation from protein to iron(I). 
(iii) 1\gretment between calc. and obs. 
(iv) 
(v) 
(i) 
(H) 
Hossbauer parameters 
Stability bent > side-on 
Porphyrin·and axial base grossly 
approximated. 
Little w character Fe-N, . 
sig. w character Fe-s-cn;1~P450) 
model) 
II III ~ Fe -02 and Fe -02 config. explain Mossbauer 
(iii) Considerable covalency in Fe-o2 and Fe-N~rph bonds. 
) 
) 
). 
) 
) 
) 
0 
o-0 separation should be ~1.46 11 
(by analogy with other 
similar species. §2.2.3). 
Spins Feiiid5 (s=~) and o;(s=~) 
"antiferromagn_etically coupled 11 • 
covalent 
0 
o-o separation ~1. 46 1\ expected 
geometry not specified "increased 
valence" 3 centre-4 electron bond. 
(similar to GO) 
Similar to Weiss 
Little n bonding proposed 
(a) L
6
xFe-o2 ge0motry from Fe(TpivPP) (1-Hc-imid) (02) anaumcd, (b) See aloo T~ble 6.1. 
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On the other hand, it was proposed in two more recent 
. 348 349 studies that the dioxygen ligand is quas1-neutral ' . 
Appreciable iron-dioxygen TI bonding is calculated in all 
schemes. This may be merely an inevitable consequence of 
using the short Fe-0 bond apparently observed in the model 
compound Fe(TpivPP) (l-Me-imid)(0 2) (§4. 2). 
In the model of Dedieu, Rohmer, Benard and Veillard 
DRBV349 the distinctive Mossbauer parameters may be qualitatively 
rationalised by noting that a significant deviation of the iron 
atom from a symmetric low-spin ferrous configuration (d ) 6 
xz, yz, xy 
is calculated. In terms of the calculated orbital populations, 
however, this configuration is more appropriate than any other. 
350 On the other.hand, Harcourt and,more recently, 
Goddard and Olafson34 ~ in a more quantitative manner,have 
suggested an alternative valence bond approach. The latter 
workers appear oblivious to Harcourt's earlier qualitative 
analysis. Both propose that the approach of dioxygen to the 
iron forces the iron to adopt a triplet state 
(d ) 2 (d ) 2 (d ) 1 (d 2) 1 xy xz yz z ' 
rather than the more usually assumed singlet state~ 
(d )2(d )2(d )2. 
xy xz yz 
Spin pairing of the metal and dioxygen electrons occurs 
through an Fe (3d 2) 1- o2 (p ) 
1 
a bond and through a three- centre z z 
four-electron 1r bond involving Fe(3dxz) 1 and o2 (TI)
3 
orbitals -
a bonding scheme which. is analogous to that for ozone. The 
latter type of bond is responsible for the name "increased 
350 
valence" . This model reproduces the Mossbauer parameters 
for oxyhaemoglobin. It also predicts a relatively low-lying 
-1 triplet state about 0.37 ev, or approximately 3000cm , 
302. 
348 
above the singlet ground-state . However, this separation 
is considerably higher than that deduced from magnetic 
susceptibility measurements (~146 cm- 1) 330 . Unfortunately, 
the singlet-triplet energy separation for the DRBV model is 
d349 not reporte . 
I · 1 · a348 h a· · · · a t 1s c a1me tat 1oxygen ma1nta1ns 1tsgroun state 
properties more so than in the bonding models of Pauling 68 , 
W . 70 d 1 G 71 d M' 301 A . ·1 1 e1ss , an a so ray an 1ngos . s1m1 ar non-po ar 
linkage for the cobalt-dioxygen bond is qualitatively proposed 
348 This would appear to contradict a mass of physical 
evidence all supporting a polarised cobalt-dioxygen bond. 
Moreover, the premise that retention of triplet ground-state 
character for dioxygen facilitates its rapid uptake and 
release is doubtful. Despite the lower affinity of cobalt-
substituted haemoglobin (Cb) for dioxygen 351 and despite the 
polarised Co-0 2 bond, for Cb compared to Hb the rate of oxygen 
uptake is very similar and the rate of oxygen release is 100 
. f 352 t1mes aster . 
6.3 Concluding Remarks 
In part, the theoretical studies on cobalt-dioxygen 
systems do not contradict the other studies (described in 
§3.2) which indicate a cobalt+ dioxygen electron transfer. 
B h · f b a· d 1 h · · f 5 9c ut t e 1mportance o ~ on 1ng an 1ence t e or1g1n o o 
hyperfine splitting is unclear. 
From most,but not all,theoretical studies on the iron-
dioxygen linkage an essentially neutral dioxygen ligand is 
303. 
proposed. All studies postulate significant TI bonding. But 
1 . . "b"l" d" f h 1 b" 330 t e magnet1c suscept1 1 1ty stu 1es o- oxy aemog o 1n 
indicate weak TI bonding, while some other studies indicate a 
polarised Fe-0 2 bond. 
More sophisticated models for the bonding of metal-
dioxygen complexes therefore appear to be essential since the 
theoretical studies have to date done little to clarify the 
nature of the metal-dioxygen component. 
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APPENDIX 1 
The general experimental procedures common to all 
the single crystal X-ray diffraction structure analyses 
performed in this work will be described. Since the 
372-375 . procedures adopted are well documented and 1n general 
practice elsewhere only a brief summary will be provided. 
Important features of the course of structure solution for 
the various structures are detailed in the appropriate chapter. 
Preliminary Crystallographic Characterisation 
Precession photography using Cu Ka X-radiation was 
used to establish space groups and to obtain preliminary 
unit cell dimensions. Possible crystals for data collection 
were mounted randomly with respect to lattice axes to minim-
ise the incidence of multiple reflections (Rennmgereffects). 
Crystal densities, where determined, were obtained by flot-
ation in suitable liquid mixtures followed by weighing of the 
solution and then distilled water in a density bottle. 
Data Collection 
An Hilger and Watts four-circle computer-controlled 
diffractometer was used for the precise determination of unit 
cell dimensions and the collection of intensity data. Unit 
cell parameters and crystal orientation were determined by 
least.-squares refinement of the setting angles of twelve 
reflections accurately centred in a 5 mm diffracted beam 
cbllimator the receiving aperture of which was 230 mm from 
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the crystal. If the agreement between the calculated and 
observed setting angles differed by more than 0.04° the 
setting angles were redetermined. 
Crystal mosaicity was examined using open-counter w 
scans at a take-off angle of 3°. Intensity data were 
collected using the e-2e scan technique. The scan range 
was symmetrical about the calculated peak position, and 
stationary crystal~stationary counter background counts 
were recorded at each end of the scan. Three reflections 
well-separated in reciprocal space 1vere measured periodically 
to monitor possible crystal decompositi9n, crystal movement 
and fluctuations in beam intensity. Scale factors were 
derived to place the data on the same relative scale. 
Data Reduction 
Data processing and subsequent structure analysis 
were carried out using a Burroughs B6718 computer. The data 
processing program HILGOUT was based on DRED (J. F. Blount) 
and PICKOUT (R. J. Doedens). The integrated intensity is 
g1ven by 
I = S- 0.5 (tS/tB) (B 1 + B2) 
where S is the scan count, B, and B2 the two background 
counts and ts and tB the scan and background times, respect-
ively. The estimated standard deviation of each 
intensity was . d376 ass1gne as 
. or = [s + o . 2 5 c ts 1 t B) 2 c B 1 + B 2) + (pi) 2] ~ 
where p is an empirical factor introduced to prevent over-
weighting of intense reflections during least-squares refine-
ments. Scale factors and Lorentz and polaiisation factots 
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were applied to give correct relative intensities and their 
e.s.d. 's,F~ and oF2 ,respectively. The following relation-
a 
ship was found useful in deriving new values for ~F2 when 
0 
changes.in the p-factor were required (see below) 
Program DABS, a modified version of DATAPH (P. Coppens), was 
used to correct for absorption effects by Gaussian integration. 
Fourier Summations 
Program Fourier, based on FORDAP (A. Zalkin) and 
including a shaded density plotting option (D. L. Evans), 
was used for calculating (i) Patterson syntheses 
P(u,v,w,) = 1 
v 
' ' 2 
III IF (hkl) I cos2n(hu+kv+lw) 
hkl 0 
where V is the unit cell volume, (ii) difference Fourier syn-
theses 
bp(x,y,z,) = 1 IIICIF I~IF j)exp(-2ni(hx+ky+lz-a)) 
v hk l 0 c ~ 
where ac is the phase angle and Fe the structure factor 
computed from the trial structure, and (iii) Fobs Fourier 
syntheses 
p(x,y,z) = 1 
v 
IIIIF Jexp(-2ni(hx+ky+lz-a )). 
hkl 0 c 
Patterson syntheses were·used in the conventional manner 
to obtain positions for the heavy atoms in the unit cells. 
Difference and F b Fourier syntheses were used to develop 
0 s 
the trial structure. In the early stages of structure 
elucidation, when phasing of F by the trial model was poor, 
c 
an empirical weighting scheme was used; reflections for which 
IF I/IF I <0.33 c 0 
were given zero weight in Fourier sybtheses. 
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Program FOURIER was also used to calculate E-maps 
from E-values for which phases had been derived (see below 
under Direct Methods) . 
. 
Fourier summations calculated over sections that were 
not parallel to a plane defined by the crystal axes involved 
a transformation and reintegerisation of the indices of 
structure factors. Consequently spurious features and 
distortions may be expected in such maps. 
Direct Methods 
Normalised structure factors (E~values) and E-stat-
istics were calculated using program SHNORM which was derived 
from NRC-4 (S. R. Hall and F. R. Ahmed). Program SAP, 
applicable only to centros~nmetric space groups, was used to 
derive signs for the E-values. It .employid the Sayre relat-
ionship together with assumed phases for three reflections to 
phase E-values by a "bootstrapping" process. Program MULTAN 
(P. Main, M. M. Woolfson and G. Germain) was used to obtain 
sets of phased E-values for one structure. Because successful 
solution of the structure was not achieved using MULTAN, this 
program will not be described further. The structure in 
question was successfully solved, eventually, by conventional 
Patterson methods. 
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Structure Factor Calculations and Least-squares Refinements 
These calculations were performed by program CUCLS, 
a highly modified version of ORFLS (W. R. ]using, K. 0. 
Martin and H. A. Levy, ORNL-TM-305, 1962). Expansion and 
optimisation of the standard program (176 variable parameters) 
to cater for 360 variable parameters was achieved in assoc-
iation with Dr. A. L. Wilkinson of the University of Canter-
bury Computing Centre. 
The general expression for the structure factor is 
· .. 
- N· - - -F ( r) = 2:, f . ( r) T . ( r) e xp ( 2 7T i r r) , 
c (" j ==1 J ,.... J "' ~"' 
where f j , the atomic seat fing factor, and T j, · an express ion 
of the thermal motion of atom j, are functions of i, the 
reciprocal space or diffraction vector; rj is the real 
(crystal) space vector of atom j. The summation is over 
all atoms in the unit cell. 
Full matrix least-squares refinements were based on 
F and the function minimised was 
The weights w were assigned as 
' 2; w = 4F 0 cr F2 
0 
The agreement f~ctors were defined as 
and 
Atomic scattering factor tables (fj(I)) were taken 
from Cromer and Mann 377 . The effects of anomalous dispersion 
fJ.cr) == f~Cr) + ~f!(Y) + ~f. 11 Ci:) J ~ J ~ J ·-
were included in Fe 378 using Cromer's values 379 for ~f' 
and ~f ,, .. 
Rigid group orientation 1s as described by R. J. 
Doedens 380 . 
When the structural model was essentially complete 
and prior to the final refinements of the model, program 
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SORTLIST was used to test the dependence of the minimised 
function on the magnitude of the structure factors IF
0
1 and 
on s i1i8 I A. • Weights w were adjusted, if necessary, so as 
to reduce or eliminate this dependency. 
Analysis of the Structure 
Bond distances and angles, and molecular and unit cell 
diagrams were obtained using ORTEP-II (C. K. Johnson, ORNL-
3794, 2nd revision 1970). Bond lengths and angles, RMS 
components of thermal displacements together with their -e. s. d.'s, 
and bond lengths corrected for riding motion were calculated 
using CORFFE a local adaptation of ORFFE (W. R. Busing, K. 0. 
Martin and H. A. Levy, ORNL-TM-306, 1964). Least-squares 
. planes, displacements_of atoms therefrom and dihedral angles 
between planes were calculated using MEAN PLANE (M. E. Pippy, 
F. R. Ahmed, NRC-22,1967). Torsional angles were calculated 
using program GEOM (F. C. March). 
A useful test on the quality of the final model with 
respect to IF0 1 ·and IFc I was derived. 
ions lying outside the range 
The number of reflect-
I-3a 1 ~ rc ' I + 3a 1 , 
where Ic is the calculated raw intensity, should be small 
in comparison to the total number of reflections. 
Tables of calculated and observed structure factor 
amplitudes follow. 
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Table Al: Calculated and observed structure 
factors for all data for Fe(salen-
C2H4-py). 
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Tabl~ A4: Calculated and observed structure 
factors for all data for [Fe(TpivPP)-
(THT) (0 2)] · (THT) z. 
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